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FOREWORD 

During  recent  years,  a  nxmber  of  papers  and  Independent  voltunes 
devoted  to  the  theory  and  design  of  liquid-fueled  rocket  engines 
(SiBS)  have  been  published  at  home  and  abroad. 

Among  these  studies,  the  textbooks  written  by  the  Soviet  scien¬ 
tists  A.  V.  Bolgarskly  and  V.K.  Shchukin,  0,  B,  Slnyarev  and  M.  V.  Dobro- 
vol'skly,  V.  I.  Feodos ‘yev  and  O.B.  Slnyarev,  and  others  merit  special 
attention. 

The  present  voltune  represents  an  atten^Jt  to  generalize  the  ma¬ 
terial  available  on  the  theory  and  design  of  liquid-fueled  rocket  en¬ 
gines  for  aerospace  equipment  designed  for  various  purposes. 

Certain  problems  of  reaction -thrust  technique  have  not  been 
highly  developed  up  to  the  present  time.  In  many  cases,  this  obliged 
the  author  to  restrict  himself  to  qualitative  analysis  of  such  prob¬ 
lems  as  they  might  apply  to  specific  tasks  of  engineering  engine- 
design  practice. 

The  author  has  systematized,  refined,  and.  In  some  cases,  devel¬ 
oped  further  certain  questions  relating  to  the  theory  and  design  of 
ZhRD. 

Diagrams,  tables,  and  sample  calculations  are  Included  In  the 
volume  to  assist  In  practical  utilization  of  the  Information  embodied 
In  It. 

The  exposition  may  be  used  as  a  basis  for  selection  of  the  appro¬ 
priate  type  of  engine  for  a  specified  application  and  the  type  of  fuel 
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required,  establishment  of  the  optimum  operational  and  design  param¬ 
eters  for  it,  selection  of  materials,  computation  of  the  geometrical, 
operational,  hydraulic,  and  other  specifications,  establishment  of 
physical  designs  for  Its  individual  elements,  and,  on  the  whole,  the 
first -approximation  planning  of  an  economical  and  operationally  de¬ 
pendable  engine  that  ensures  the  maximum  flight  reuige  for  the  equip¬ 
ment  in  question. 

The  author  has  made  an  attempt  to  follow  a  terminology  and  set  of 
letter  symbols  that  corresponds  most  fully  to  the  physical  essence  of 
the  concepts  and  will  be  convenient  to  use. 

The  Information  presented  In  the  voliune  does  not  pretend  to  be  a 
full  exposition  of  the  problems  encountered  In  the  field  and,  natu¬ 
rally,  requires  further  work. 

The  author  requests  that  all  errors  and  deficiencies  noted  be  re¬ 
ported  to  the  address:  Moscow,  1-51#  Petrovka,  24,  Oborongiz. 

The  Author 
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Chapter  I 
IKTRODCCTION 

In  the  various  types  of  rocket  missiles «  the  basic  element  Is  the 
engine. 

The  type  of  engine  Is  determined  basically  by  the  design,  over¬ 
all  dimensions,  and  flight  characteristics  of  these  missiles.  The  mis¬ 
sile's  range  depends  on  the  type  of  engine  selected,  the  type  of  fuel 
components  used  In  It,  and  on  Its  design,  operational,  and  other  char¬ 
acteristics. 

It  Is  the  object  of  the  present  volume  to  provide  students  In  the 
higher  technical  educational  Institutions  and  engineering-technical 
workers  with  a  brief  outline  of  the  theory  and  basic  design  principles 
of  liquid-fueled  rocket  engines.  This  Information  may  be  used  as  a 
basis  In  each  specific  case  for  making  a  rational  selection  Qf  a  basic 
Zb^  design  for  development,  the  fuel  components  for  It,  and  Its  steu't- 
Ing  and  design  parameters,  and  for  making  the  necessary  calculations 
of  Its  operational,  geometrical,  and  other  characteristics,  as  well  as 
solving  other  problems  related  to  the  creation  of  a  dependable  and  op¬ 
erationally  economical  engine  design. 

In  addition  to  general  engineering  preparation.  It  will  be  neces¬ 
sary  for  successful  completion  of  this  course  to  have  a  clear  concep- 

tlon  of  existing  and  ZhRS*  (liquid-fueled  racket  missile)  designs, 

*[  IPC  ■  ZhpS  ■  Zhldkostnyy  Rsdcetnyy  Snaryad  -  Llquld-Pueled  Rocket 
Nlsslle(s).  ] 
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as  well  as  to  know  the  chemistry  and  combustion  theory  of  liquid  fuels 
the  fundamentals  of  heat  exchange  and  heat  transfer,  the  theory  of 
strength  and  rigidity  of  structures,  high-speed  aerodynamics,  ballis¬ 
tics,  and  automatic -control  theory. 

SECTION  1.  BRIEP  HISTORY  OP  THE  DEVELOPMENT  OP  LIQCID-PCELED  ROCKET 
ENCINES 

Our  country  can  take  the  basic  credit  for  developing  the  founda¬ 
tions  of  the  theory  of  liquid-fueled  rocket  engines  and  the  missiles 
for  them,  as  well  as  for  building  the  first  models. 

The  founder  of  reaction-engine  theory  was  the  great  Russian  sci¬ 
entist  N.Ye.  Zhukovskiy,  who.  In  his  1882  paper  entitled  "0  reaktsll 
vytekayushchey  1  vtekayushchey  zhldkostl"  ("Concerning  the  reaction  of 
outflowing  and  Inflowing  liquids”) ,  was  the  first  to  derive  the  equa¬ 
tion  for  the  reaction  force  of  an  outflowing  fluid,  and  who  presented 
the  equation  for  the  efficiency  of  the  fluid  stream  In  his  later 
papers. 

The  Russian  scientist  I.V.  Meshcherskly,  whose  outstemdlng  works 
on  the  mechanics  of  bodies  of  variable  mass,  which  were  published  In 
l897i  formed  the  basis  foi’  the  contemporery  theory  of  motion  of  reac¬ 
tion-thrust  missiles,  must  be  ascribed  an  Important  part  In  the  crea¬ 
tion  of  reaction-engine  theory. 

K. E.  Tslolkovskly,  who  originated  the  Idea  of  the  liquid-fueled 
rocket  engine,  created  the  theory  of  flight  of  react Ion -powered  ma¬ 
chines,  euid  authored  a  number  of  systems  for  such  machines  £uid  other 
suggestions,  must  be  Included  among  the  Russian  scientists  who  have 
made  the  Inventive  genius  of  their  Motherland  famous. 

K.E.  Tslolkovskly  published  his  first  paper  In  the  Journal  "Nauch 
noye  obozrenlye”  ("Scientific  Review"),  No.  5*  under  the  title  "Issle- 
dovanlye  mlrovykh  prostranstv  reaktlvnyml  prlboraml"  ("Investigation  of 


Interstellar  space  by  means  of  reactlon-englned  devices").  In  this  1903 
paper,  and  in  the  supplementary  papers  that  followed  it  between  I9II 
emd  191^ f  and  then  In  1924-1925  and  thereafter,  K.  E.  Tslolkovskly 
showed  the  Insight  of  a  genius  in  formulating  and  solving  the  basic 
problems  of  the  theory  and  working  principles  of  the  liquid-fueled 
rocket  missile. 

He  was  first  to  propose  the  following: 

1)  a  design  for  a  liquid -fueled  rocket  engine  (1903); 

2)  the  use  of  liquid  oxygen  as  an  oxidizer  for  the  fuel  (I903); 

3)  pump  delivery  of  the  fuel  into  the  engine's  chamber  (1903); 

4)  graphite  and  high-melting  metals  for  fabrication  of  engine 
chambers  (1903); 

5)  cooling  of  the  engine  chamber  by  one  of  the  fuel  components 

(1903); 

6)  closed-cycle  cooling  of  the  engine  chamber  (1903); 

7)  the  use  of  nuclear  and  electric  energy  to  power  reaction  en¬ 
gines  (1911); 

8)  the  use  of  ozone  as  an  oxidizer  and  liquid  methane  and  turpen¬ 
tine  as  fuels  (1914); 

9)  the  use  of  oxides  of  nitrogen  as  oxidizers  (1926); 

10)  the  use  of  nitrogen  pentoxlde  as  an  oxidizer  and  monatomic  hy¬ 
drogen  as  a  fuel  (1927); 

11)  placing  control  surfaces  in  the  stream  of  gases  behind  the 
nozzle  of  the  engine  chamber  to  control  the  missile  in  its  flight  in 
the  rarefied  layers  of  the  atmosphere  and  in  space  (1929),  etc. 

K. E.  Tslolkovskly  also  considered  other  problems  of  reaction- 
thrust  motion  in  his  papers,  and  specifically: 

1)  he  demonstrated  that  a  reaction-thrust  engine  can  develop 
thrust  even  in  airless  space; 
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2)  he  made  reference  to  the  high  promise  of  practical  utilization 
of  reaction -thrust  missiles  for  study  of  cosmic  space; 

3)  he  demonstrated  that  an  Inclined  ascent  Is  more  efficient  for 
a  reaction-thrust  missile  than  vertical  ascent; 

4)  he  proved  that  liquid  fuels  are  superior  to  solid  fuels  (pow¬ 
der)  for  medl\im-  and  long-range  reaction -thrust  machines; 

3)  he  showed  that  medlxim-  and  long-range  reaction-thrust  missiles 
must  have  control  and  automatic -control  devices  In  operation  during 
flight; 

6)  he  studied  the  motion  of  the  reaction-thrust  missile  In  vacuo, 
wi.th  and  without  consideration  of  gravity; 

7)  he  derived  a  celebrated  formula  for  determining  the  maximum 
flight  speed  of  a  reaction-thrust  missile  In  airless  space  at  the  end 
of  Its  powered  trajectory; 

8)  he  made  note  of  the  expediency  of  raising  the  gas  pressure  In 
the  engine's  combustion  chamber  with  the  object  of  Increasing  Its  spe¬ 
cific  thrust; 

9)  he  determined  the  efficiency  of  the  reaction-thrust  engine 
during  flight  and  Indicated  a  n\imber  of  paths  for  development  of  this 
type  of  technique  and  the  promise  that  It  offered. 

K.  E.  Tslolkovskly  established  a  solid  scientific  footing  for  the 
study  of  the  rocket's  motion  as  a  body  of  variable  mass. 

K.  E.  Tslolkovskly  advanced  the  following  Ingenious  Ideas i 

1)  that  of  building  multiple -stage  reaction-thrust  missiles  to 
attain  long  flight  ranges; 

2)  the  expediency  of  using  winged  reaction-thrust  missiles  to  at¬ 
tain  long  ranges; 

3)  the  design  of  reaction -engined  aircraft; 

4)  the  Idea  of  cosmic  stations,  l.e. ,  artificial  Earth  satellites 


-  6  - 


In  the  form  of  specialized  reaction-thrust  missiles,  etc. 

Contemporary  reaction-thrust  technology  Is  based  for  the  most 
I)art  on  the  work  of  K.E.  Tslolkovskly.  His  Ideas  were  popularized  to 
some  extent  in  the  book  ”Mezhplanetnyye  puteshestvlya"  ("Interplanetary 
Travel")  by  Ya, I.  Perel'man,  which  appeared  In  1915» 

K. E.  Tslolkovskly  began  to  show  Interest  In  probl«ns  of  reaction- 
thrust  motion  In  I883.  Between  February  and  May  of  that  year,  he  wrote 
a  paper  entitled  "Svobodnoye  prostranstvo"  ("Free  apace").  In  which  he 
analyzed  certain  problems  related  to  the  use  of  reaction-thrust  motion. 
In  1896,  he  wrote  a  novel  entitled  "Vhe  zemll"  ("Outside  the  earth"). 

In  which  he  also  made  reference  to  the  reaction -thrust  missile  as  an 
appart.tus  for  interplanetary  travel. 

The  Creat  October  Socialist  Revolution  gave  K. E.  Tslolkovskly  a 
full  opportunity  to  develop  his  creative  activity.  The  daily  attention 
paid  to  his  scientific  research  work  by  the  Communist  Party  and  the 
Soviet  Government  contributed  to  its  widespread  dissemination  and 
recognition. 

Before  the  Great  October  Socialist  Revolution,  he  had  written  80 
papers,  of  which  50  had  been  published,  while  after  the  revolution,  he 
wz*ote  and  published  150  articles. 

The  numerous  works  of  K.E.  Tslolkovskly  In  the  field  of  reaction- 
engine  technology  made  him  world-famous.  Professor  H.  Oberth  wrote  K.  E. 
Tslolkovskly  from  Germany  In  Septeinber  of  1929  as  follows:  "My  compli¬ 
ments...  May  you  live  to  see  the  attainment  of  your  glorious  goals... 
You  have  lighted  the  lamp,  and  we  shall  work  until  the  most  grandiose 
dream  of  humanity  comes  tirue. " 

In  1917«  the  Russian  scientist  Yu.M.  Kondratyuk  began  his  re¬ 
search  work  In  the  field  of  reaction -thrust  motion,  and  In  I929  he 
published  a  paper  entitled  "Zavoyevanlye  mezhplanetnykh  prostranstv" 
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(’’Conquest  of  interplanetary  space”)  (republished  by  Oboronglz  In 
1947)  •  In  this  i>aper,  he  derived  a  series  of  Important  conclusions  and 
gave  expression  to  many  original  ideas  in  the  field  of  reaction-thrust 
technique* 

1)  he  demonstrated  that  a  missile  that  does  not  Jettison  its  fuel 
tanks  during  flight  as  they  are  exhausted  cannot  escape  the  range  of 
terrestrial  gravity; 

2)  he  investigated  the  takeoff  dynamics  of  the  winged  reaction- 
thrust  missile; 

3)  he  introduced  new  proposals  on  the  realization  of  space  sta¬ 
tions  and  interplanetary  flights  using  reaction -thrust  machines; 

4)  he  proposed  the  use  of  solids  (lithium,  boron,  etc.)  as  fuels 
for  ZhRD. 

He  also  investigated  the  problwn  of  heating  of  react ion -thrust 
missiles  during  flight  in  the  atmosphere. 

Our  conpatrlot  F.A.  Tsander  began  his  studies  of  reaction  propul¬ 
sion  in  1908,  and  in  his  1932  book  entitled  ’’Problemy  poleta  prl 
pomoshchi  reaktlvnykh  apparatov"  (’’Troblems  of  flight  using  reaction- 
thrust  machines”)  set  forth  the  results  of  his  investigations  of  a 
number  of  highly  important  problems  of  reaction-thrust  engineering  and 
mapped  out  paths  for  its  development,  as  follows* 

1)  he  made  note  of  the  expediency  of  using  metallic  elements  of 
the  reaction-thrust  missile  as  fuel  after  they  had  performed  their  im¬ 
mediate  functions,  with  the  object  of  attaining  maximum  range; 

2)  he  developed  a  theory  of  spray  injectors  and  a  theory  of  the 
analyzing  the  basic  principles  of  heat-exchange  calculation  and 

cooling  for  the  engine  chamber; 

3)  he  proposed  a  number  of  operating  cycles  for  the 
rived  their  efficiencies; 


4)  he  developed  a  theory  of  missile  flight  along  elliptical  tra- 
Je'^torles; 

5)  he  Invesclgated  the  climbing  properties  of  a  reactlon-englned 
aircraft; 

6)  he  Investigated  various  types  of  liquid  fuels  with  the  object 
of  selecting  the  most  efficient  fuels  for  use  In  reaction -thrust  en¬ 
gines,  and  considered  a  number  of  other  problems  related  to  reaction- 
thrust  engineering. 

In  1930-1932,  P. A.  Tsainder  built  and  tested  his  OR-1  reaction  en¬ 
gine,  which  worked  on  a  mixture  of  air  and  gasoline  and  developed  up 
to  5  kg  of  thrust.  A  second  experimental  engine,  the  OR-2,  which  had 
been  built  after  his  drawings  In  1932  for  operation  on  liquid  o:(ygen 
and  gasoline,  underwent  firing  tests  in  1933  without  participation  of 
P. A.  Tsander,  who  had  died  ten  days  after  the  first  test  of  the  engine 
The  combustion  chamber  of  this  engine  was  oxygen-cooled,  and  the  noz¬ 
zle  was  water-cooled.  The  fuel  components  were  fed  Into  this  engine's 
combustion  chamber  by  compressed  air. 

Abroad,  the  first  Investigations  of  cosmic-flight  problems  ap¬ 
peared  beginning  with  the  second  decade  of  the  20th  century,  and  these 
were  followed  by  studies  of  liquid-fueled  rocket  missiles.  Among  the 
scientists  who  devoted  their  efforts  to  these  problems,  we  should  take 
note  of  R.  Eno-Feltrl  (Prance), whose  first  paper  was  published  In  1903 
and  R.  Ooddard  (USA),  who  began  his  work  In  1913  &nd  subsequently 
built  several  types  of  meteorological  missiles  with  liquid-fueled  en¬ 
gines.  TOie  work  of  H.  Oberth  (Oermany),  which  was  published  In  1927, 
and  that  of  E.  Zenger  (Austria),  which  appeared  In  1933«  made  large 
contributions  to  the  theory  of  reactlon-englned  flight. 

The  first  dependable  were  built  In  the  USSR.  The  engines  of 

the  reaction-thrust  Institute  at  Peenemunde  (the  A-4  emd  "Wasserfall”) 


and  the  firms  WM  [Bayerlsche  Motoren  Werke]  and  Walther  appeared  In 
Oermany,  and  those  of  the  California  Institute  of  Technology  and  the 
firms  Aerojet  Engineering,  Reaction  Motors,  etc.  In  the  T7SA  all  ap¬ 
peared  somewhat  later  than  the  first  ones  built  In  the  USSR. 

The  appearance  of  the  first  dependable  engines  made  definite  the 
possibility  of  applying  them  In  practice  In  long-range  and  antiair¬ 
craft  missiles  of  various  types,  aerial  torpedos,  etc. 

A  tremendous  achievement  In  the  field  of  developing  reaction- 
thrust  science  and  technology  was  the  building  and  successful  testing 
of  the  world's  first  intercontinental  ballistic  missile  In  the  Soviet 
Union. 

Test  results  for  this  rocket  indicated  that  perfection  of  the  in¬ 
tercontinental  ballistic  missiles  will  make  It  possible  to  reach  any 
region  of  the  globe,  no  matter  how  remote,  without  resorting  to  stra¬ 
tegic  aviation. 

The  greatest  achievement  of  Soviet  science  and  technology  In  the 
field  of  rocketry  was  the  launching,  on  4  October  1957#  of  the  world's 
first  artificial  satellite. 

In  Its  launching,  this  satellite,  which  had  the  shape  of  a  sphere 
58  cm  In  diameter  and  weighing  83.6  kg,  received  Its  8000-m/sec  or¬ 
bital  velocity  and  Its  900-km  maximum  distance  from  the  earth's  sur¬ 
face  from  a  rocket  carrier;  It  completed  one  revolution  about  the 
earth  In  1  hour  33  minutes. 

This  satellite  completed  1400  revolutions  about  the  earth  and 
traveled  about  60  million  kilometers. 

This  successful  launching  of  a  man-made  Earth  satellite  was  the 
greatest  contribution  ever  made  to  the  treasury  of  the  world's  science 
and  culture. 

The  second  artificial  Earth  satellite  was  launched  In  the  Soviet 
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Union  on  3  November  1957  (as  part  of  the  program  of  the  International 
Qeophyslcal  Year). 

^  This  Earth  satellite  was  the  last  stage  of  a  rocket  vehicle  and 

carried  a  container  for  scientific  apparatus  a^id  an  experimental  ani¬ 
mal  (a  dog)  and  weighed  a  total  of  308.3  kg. 

The  Initial  orbital  characteristics  of  the  satellite  were  as  fol¬ 
lows:  shape^  elliptical;  altitude  at  apogee,  I671  km;  Inclination  of 
orbit  to  equator,  65®17‘;  period  of  revolution,  103.7^  min.  The  or¬ 
bital  velocity  of  the  satellite  at  launch  was  8OOO  m/sec. 

This  satellite  con5)leted  about  2370  revolutions  around  the  earth, 
euid  traveled  a  distance  of  100  million  kilometers. 

With  the  successful  launching  of  an  artificial  Earth  satellite 
C8a*rylng  various  scientific  apparatus  and  an  experimental  animal, 

Soviet  scientists  e:qpanded  their  Investigation  of  cosmic  space  and  the 
^  upper  layers  of  the  atmosphere. 

On  15  May  1958,  a  third  Earth  satellite  —  the  largest  In  the 
world  —  was  launched  In  the  Soviet  Union.  It  weighed  1327  kg.  It  was 
3. 57  m  long  and  had  a  leucgest  diameter  of  1, 73  m. 

The  Initial  orbital  characteristics  of  this  satellite  were  as 
follows:  shape,  elliptical;  altitude  at  apogee,  188O  km;  Inclination 
of  orbit  to  equator,  65°;  period  of  revolution,  105.95  min. 

This  satellite  continues  In  Its  motion  about  the  earth.  On  I5  Feb¬ 
ruary  i960.  It  had  cQiq)leted  9221  revolutions. 

The  next  magnificent  attainment  of  Soviet  rocket  science  emd  en¬ 
gineering  was  the  creation  of  a  multi-stage  rocket  the  last  stage  of 
which  was  capable  of  reaching  the  second  cosmic  [parabolic]  velocity 
(11.2  km/sec),  thus  making  Interplanetary  flight  possible.  Such  a  cos- 
i  mlc  rocket  was  successfully  launched  toward  the  moon  In  the  USSR  on  2 

January  1959» 
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The  last  stage  of  the  rocket,  which  weighed  1472  kg  without  fuel, 
was  equipped  with  a  special  container  for  measuring  apparatus  and 
radio  transmitters  to  carry  out  scientific  Investigations.  The  total 
weight  of  the  scientific  and  measurement  apparatus  with  their  power 
sources  and  container  came  to  361. 3  kg. 

Thirty-four  hours  after  blastoff,  this  cosmic  rocket  flew  past 
the  moon  (at  a  distance  of  about  6-7  thousand  kilometers)  and  was 
597>000  kilometers  from  the  earth  In  the  62nd  hour  of  Its  flight, 
at  10  hours  on  5  January.  Having  overcome  the  attraction  of  the  earth 
and  the  moon.  It  emerged  Into  Its  orbit  about  the  sun. 

Dependable  radio  contact  between  the  rocket  and  the  earth  was 
maintained  for  62  hours.  In  accordance  with  the  program. 

Evaluation  of  the  measurement  data  obtained  made  It  possible  to 
establish  that  the  cosmic  rocket  finally  entered  the  periodic  orbit  of 
an  artificial  planet  of  the  solar  system  on  7-8  January  1959»  The 
largest  diameter  of  the  rocket's  orbit,  which  lay  between  those  of  the 
earth  and  Mars,  was  found  to  be  343*6  million  kilometers.  The  rocket's 
period  of  revolution  about  the  s\xn  is  15  months  (450  earth  days). 

The  launching  of  the  cosmic  rocket,  which  had  become  for  all 
eternity  the  first  artificial  planet  of  our  soleu?  system,  opened  the 
era  of  Interplanetary  flight  and  demonstrated  to  the  entire  world  the 
outstanding  achievements  of  Soviet  science  and  engineering. 

Another  historical  first  was  scored  In  the  period  from  12  through 
14  September  1959  with  the  successful  launching  of  a  second  multiple- 
stage  Soviet  cosmic  rocket  to  the  moonj  this  device  delivered  to  Its 
surface  a  pennant  with  the  coat  ^f  arms  of  the  Soviet  Union. 

Valuable  scientific  data  idilch  opened  up  a  new  stage  In  the  ex¬ 
ploration  and  conquest  of  the  cosmos  by  man  were  transmitted  from  the 
rocket  and  received  on  the  earth  during  this  flight. 
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The  landing  of  a  Soviet  rocket  on  the  moon  represents  an  out¬ 
standing  success  for  Soviet  science  and  engineering  and  marks  the  be¬ 
ginning  of  flight  from  the  earth  to  other  planets. 

On  4  October  1959j  a  third  multlple-staige  cosmic  rocket  was 
launched  In  the  USSR  to  continue  the  Investigation  of  cosmic  space  auid 
photograph  that  side  of  the  moon  which  Is  Invisible  from  the  earth. 

For  this  purpose^  an  Interpleuietary  space  station  that  could  be 
controlled  automatically  from  the  earth  was  designed,  built,  and 
placed  by  a  rocket  In  a  previously  calculated  orbit  around  the  moon. 

As  planned,  this  station  passed  at  a  dlst£U)ce  of  several  thousand 
kilometers  from  the  moon,  photographed  Its  other  side  on  18  October, 
and  transmitted  these  Images  to  the  earth  on  command  by  means  of  a 
special  radio  communications  system. 

This  rocket  launching  to  the  moon,  which  resulted  In  the  acquisi¬ 
tion  of  extremely  valuable  and  hitherto  unavailable  scientific  data 
concerning  cosmic  space.  Including  the  photographs  of  that  side  of  the 
moon  vrtilch  Is  Invisible  from  the  earth,  required  solution  of  a  number 
of  highly  diverse  and  congjlex  problems  by  Soviet  experts.  These  attain 
ments  of  Soviet  science  and  engineering  have  shaken  the  entire  world 
and  have  been  an  occasion  for  enormous  delight  for  all  progressive  hu¬ 
manity. 

On  the  basis  of  the  progress  made  In  the  Soviet  Union  In  Investi¬ 
gating  cosmic  space  by  means  of  ballistic  rockets,  Soviet  scientists 
and  designers  are  working  In  accordance  with  a  scientific-research 
program  on  the  creation  of  a  more  powerful  rocket  to  be  used  In  latmch 
Ing  heavy  Earth  satellites  and  making  space  flights  to  other  planets 
of  the  solar  system. 

On  8  January  i960,  TASS  reported  that  this  rocket  would  be 
launched  Into  the  central  part  of  the  Pacific  Ocean  without  Its  last 
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stage  d\irlng  the  first  few  months  of  i960,  as  part  of  the  development 
of  a  hlgh-accuracy  rocket  of  this  type.  The  area  In  which  the  stage 
[sic]  of  the  rocket  was  expected  to  fall  was  Indicated  In  this  report. 

The  first  launching  of  this  rocket  took  place  In  the  evening  of 
20  January  i960. 

At  20  hours  15  minutes  Moscow  time  on  the  same  day,  the  next -to¬ 
las  t  stage  of  this  rocket,  having  moved  exactly  along  the  specified 
trajectory  with  a  dummy  of  the  last  stage  and  having  developed  a  speed 
better  than  26  thousand  kllometers/hour,  reached  the  specified  area  In 
the  equatorial  Pacific  Ocean,  which  was  12.3  thousand  kilometers 
across  the  earth's  s\irface  from  the  point  of  launching. 

The  last-steige  dtimmy,  which  was  adapted  to  pass  through  the  dense 
layers  of  the  atmosphere,  reached  the  surface  of  the  sea  near  the  cal¬ 
culated  Impact  point. 

Special  ships  of  the  Soviet  fleet  waiting  In  the  rocket's  expected 
area  of  Impact  made  valuable  telemetric  measurements  on  the  descending 
branch  of  the  flight  trajectory. 

The  d\unmy  of  the  rocket's  last  stage  was  observed  during  Its 
flight  through  the  atmosphere  euid  was  pinpointed  where  It  dropped  Into 
the  water  by  radar,  optical,  and  sonar  stations  on  the  ships. 

It  was  established  by  the  measurements  carried  out  that  the 
rocket's  Inqpact  point  was  less  them  2  km  from  the  predicted  position, 
so  that  the  high  accuracy  of  the  rocket's  control  system  was  con- 
f  limed. 

The  rocket  was  launched  exactly  at  the  specified  time.  The  rocket' 
flight  and  the  operation  of  all  of  Its  stages  took  place  In  conformity 
with  the  predetermined  program.  The  measurement  systems  emd  facilities 
on  board  the  rocket  transmitted  the  necessary  data  to  ground  and  shlp- 
bome  stations  over  the  entire  flight  path. 
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A  second  such  rocket  was  launched  for  the  same  purpose  In  the 
evening  of  31  January  i960. 

The  last  stage  of  the  rocket  with  Its  dummy  reached  the  specified 
area  In  the  equatorial  Pacific  Ocean  at  19  hours  58  minutes  Moscow 
time. 

The  last -stage  dummy  was  again  observed  during  flight  through  the 
atmosphere  and  was  pinpointed  on  Impact  with  the  water  by  ship-borne 
radar 4  optical ^  and  sonar  stations. 

The  measurement  data  again  confirmed  the  high  precision  with 
which  the  rocket's  flight  was  controlled. 

The  successful  launchings  of  this  powerful  Soviet  multiple-stage 
ballistic  rocket  have  further  advanced  Soviet  science  along  the  path 
to  the  conquest  of  cosmic  space  and  study  of  the  solar  system. 

SECTION  2.  DIRECTIONS  IN  THE  DEVELOPMENT  OP  ghgg 

Analysis  of  the  designs  of  existing  enable  us  to  establish 

the  basic  directions  being  taken  In  the  development  of  this  branch  of 
engineering. 

Oxygen-,  nltrlc-acld-,  and  hydrogen-peroxide  engines  were  devel¬ 
oped  during  the  Second  World  War  and  used  In  missiles,  aerial  torpedos, 
and  aircraft. 

The  oxygen-carrying  rocket  engines  used  at  that  time  for  long- 
rsuige  missiles  developed  absolute  thrusts  no  greater  than  26  tons, 
worked  on  fuels  with  relatively  low  calorific  values  {75%  ethyl  alco¬ 
hol  auid  liquid  oxygen)  with  low  combustion-chamber  gas  pressures  (16 
atmospheres  absolute)  and  low  thrusts  per  liter  (about  60-d0  kg  per 
liter  of  volume)  and,  as  a  result,  developed  low  specific  thrusts  [of 
the  order  of  200  kg  of  thrust/(kg  of  fuel/sec)]. 

The  ZhRD  of  the  A-4  long-range  missile  (Figs.  1. 1  and  1. 2)  can  be 
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Fig.  1. 1.  External  appearance  and  cutaway  of 
A-4  long-range  missile  with  25-26  tons  of 
thrust  at  the  surface,  l)  Engine  chamber;  2) 
turbopuup  set;  3)  oxygen  tank;  4)  ethyl- 
alcohol  tank;  5)  Instrument  compartment;  6) 
warhead;  7)  framework  of  missile. 

cited  as  an  example  of  an  oxygen  engine  of  this  type. 

A  tank  for  75J^“l3y-welght  ethyl  alcohol  (the  fuel)  and  a  tank  for 
liquid  oxygen  (the  oxldlser)  are  located  In  the  middle  of  the  rocket. 
The  4600-11 ter  fuel  tank  weighs  76  kg;  It  holds  3900  kg  of  fuel.  The 
oxidizer  tank  has  a  capacity  of  4470  liters  and  weighs  120  kg;  4900  kg 
of  oxidizer  are  piamped  Into  It. 

The  engine,  which  weighs  930  kg.  Is  mounted  Inside  the  tall  sec¬ 
tion  of  the  missile. 

The  engine  (see  Fig.  1.2)  develops  a  surface  thrust  of  25-26  tons 
for  60-70  sec  and  constimes  about  125  kg  of  fuel  per  second  during  this 
process.  The  basic  elements  of  the  engine  are  the  welded  pear-shaped 
combustion  chamber  (see  Fig.  1.3)/  and  the  turbopump  set  and  gas  gen¬ 
erator  of  the  fuel -supply  system.  The  gas  mixture  developed  In  the  gas 
generator  from  80j^-by -weight  hydrogen  peroxide  with  the  aid  of  a  liq¬ 
uid  catalyst  (sodlxim  permanganate)  Is  used  to  drive  the  turbine  of  the 
pump  set.  The  greatest  outside  diameter  of  the  engine's  chaniber  Is 
1190  mm,  £uid  It  Is  2020  mm  long.  The  chamber  weighs  422  kg. 

Figure  1.4  shows  sin  A-4  missile  at  takeoff. 

During  the  Second  World  War,  nitric -acid  reaction  engines  were 
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Pig.  1.3*  External  appearemce  of 
chaniber  of  A>4  engine,  l)  Flange 
for  attachment  of  main  alcohol 
valvej  2)  oxygen  nozzle;  3)  pre- 
combustion  chamber t  4)  mounts; 

3)  chamber  head;  6;  conbustlon 
chamber!  7)  cooling-system  pipe¬ 
line;  8)  corrugations  to  offset 
thermal  expansion  of  chamber 
outer  shell;  9)  rings  for  alco¬ 
hol  supply  to  chamber;  lO)  con¬ 
necting  pieces  for  delivery  of 
ethyl  alcohol  Into  space  between 
tanks;  ll)  fuel-collector  ring; 
12)  boundary  of  cooled  section 
of  nozzle. 


Fig.  1.2.  Exteraal  ap¬ 
pearance  of  A-4  rocket  built  with  thrusts  ranging  from  300 
engine  without  fuel 

tanks.  to  8OOO  kg  and  specific  thrusts  of 

about  190-200  kg  of  thrust/(kg  of  fuel/sec). 

The  S-2  liquid-fueled  engine  of  the  "Wasserfall”  radio-controlled 
antiaircraft  missile,  which  developed  a  surface  thrust  of  8  tons  (Fig. 
1. 5)  can  serve  as  an  example  of  a  nltrlc-acid  engine. 

This  missile  was  also  developed  In  (Jermany  and  reached  the  flight 


testing  stage  during  the  Second  World  War.  In  external  appearance,  it 
resembles  the  A-4  missile,  but  It  Is  considerably  simpler  £uid  has 


smaller  over-all  dimensions.  Its  most  significant  departure  from  the 
A-4  consists  In  the  fact  that  It  Is  equipped  with  four  small,  broad 


wings.  It  was  the  largest  of  all  the  guided  antiaircraft  missiles  de- 
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veloped  during  this  period  of  time  for  de¬ 
fense  against  enemy  aircraft  flying  as 
high  as  20  kilometers.  Its  body  had  a  max¬ 
imum  diameter  of  880  mm  and  a  length  of 
7835  na,  its  wing  span  was  1875  nun,  and  its 
tailfin  span  was  2310  mm. 

The  missile's  warhead  weighed  14^  kg, 
of  which  125  kg  was  explosive.  The  total 
blastoff  weight  of  the  rocket  was  3245  kg. 

This  rocket's  engine  consists  basi¬ 
cally  of  an  elliptical  combustion  chamber 
and  the  gas-bottle  fuel-supply  system.  The  combustion  chamber  (welded 
from  sheet  steel  and  integral  with  the  nozzle)  has  a  flat  removable 
head  wlth^ sprayers  for  the  fuel  components.  The  chamber  is  cooled  by 
^  the  oxidizer. 

The  engine  is  powered  by  coo^nents  that  ignite  spontaneously  on 
mixing:  Tonka-841  compound  (fuel)  and  N-10  compound  (oxidizer).  Com¬ 
pound  84l  consists  of  125^  Optol,  20J^  benzene,  155^  xylene,  30%  of  vinyl- 
ethyl  ether,  and  23J^  of  aniline,  while  the  M-10  compound  consists  of 
90%  of  98j^“by-welght  nitric  acid  and  lOJ^  of  96%  sulfuric  acid.  One 
tank  holds  335  kg  of  fuel  and  the  other  1480  kg  of  oxidizer. 

The  components  are  fed  into  the  combustion  chamber  of  the  engine 
under  a  pressure  of  25  atmospheres,  with  the  ccmtbustlon  chamber  at 
22.5  atmospheres.  The  compressed-nitrogen  pressure  in  the  tanks  of  the 
fuel-supply  system  is  300  atmospheres.  The  engine  operates  for  43  sec. 
The  chamber  weighs  43  kg,  and  the  dry  weight  of  the  entire  engine  is 
150  kg. 

(  Work  on  the  design  of  this  engine  was  begun  in  the  middle  of  1941, 

and  its  first  phase  was  completed  in  1943.  About  20  trial  launchings 
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Fig.  1.4.  Launching  of 
A-4  missile. 


of  the  missile  had  been  carried  out  during  this  same  span  of  time.  The 
results  of  flight  tests  with  the  missile  Indicated  the  necessity  of 
further  work  on  It, 

Series-production  and  experimental  models  of  liquid-fueled  rocket 
engines  were  designed  and  built  during  the  Second  World  War  for  use  In 
aerial  torpedos  and  aircraft j  these  Included  "cold -type"  hydrogen- 
peroxide  engines. 


Fig.  1.6.  Walther  hydrogen-peroxide  aerial- 
torpedo  ZhM)  with  thrust  of  550-590  kg.  l)  Hy¬ 
drogen-peroxide  tank;  2)  engine  mount;  3)  air 
bottles;  4)  sodlum-persumganate  tank;  5/  mix¬ 
ing  chamber. 

The  hydrogen -peroxide  engines  of  this  type  which  were  constructed 
In  this  period  of  time  and  somewhat  later  developed  small  specific 
thrusts  [about  100-110  kg  of  thrust/(kg  of  fuel/sec)],  and  were  there¬ 
fore  not  developed  and  used  further. 
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The  TyT?e  109-507  aerial-torpedo  gl^  (Walther),  which  develops  a 
thrust  of  550-590  kg  for  10-13  sec  (Pig.  1.6)  may  serve  as  an  example 
of  the  hydrogen-peroxide  engine. 

The  80$^  hydrogen  peroxide  used  as  a  fuel  In  this  engine  Is  decom¬ 
posed  by  a  liquid  catalyst  (23}^-by -weight  sodium  permanganate).  The 
working  components  are  fed  Into  the  reaction  chamber  by  compressed  air. 
The  Initial  air  pressure  In  the  bottle  Is  150  atmospheres «  6uid  the 
working  components  are  delivered  at  a  pressure  of  30-35  atmospheres. 

The  reaction-chamber  press\ire  Is  22  atmospheres 4  and  the  temperature 
of  the  vapor  gas  formed  In  It  reaches  420-440°C. 

The  engine  can  work  until  the  hydrogen-peroxide  supply  In  Its 
tank  Is  fully  exhausted. 

The  cowling  length  of  the  engine  Is  2210  mm>  and  Its  largest  di¬ 
ameter  Is  330  mm.  Its  dry  weight  Is  17*5  kg,  and  when  supplied  with 
the  working  substances  (hydrogen  peroxide,  aqueous  solution  of  sodium 
permanganate,  and  compressed  edr),  the  engine  weighs  l43  kg. 

All  of  the  hydrogen -peroxide  engine  types  developed  In  (Jermany  by 
the  firm  Walther  were  used  by  the  Germans  during  the  Second  World  War 
as  main  and  auxiliary  engines  for  aircraft,  aerial  torpedos,  and  sub¬ 
marine  torpedos. 

However,  despite  the  fact  that  hydrogen  peroxide  has  no  advan¬ 
tages  over  nitric  acid,  hydrogen -peroxide  engines  were  used  on  a 
broader  scale  during  the  Second  World  War  than  nltrlc-acld  engines. 

This  Is  accounted  for  by  the  fact  that  they  were  brought  to  the  opera¬ 
tional  state  earlier. 

The  mastery  of  hydrogen-peroxide  engines  developing  large  abso¬ 
lute  thrusts  was  peu^alleled  by  research  In  a  ntimber  of  countries 
toward  the  creation  of  oxygen-,  nltrlc-acld-,  and  other  engine  types 
for  high-powered  long-r6uige  rocket  missiles  and  antiaircraft-defense 
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missiles. 

The  postwar  development  of  reaction-engine  technique  required  the 
creation  of  ZhRD  developing  large  thrusts  with  minimal  specific 
weights  and  specific  fuel  consumptions. 

Solution  of  this  problem  required  taking  the  course  of  Increasing 
combustion-chamber  dimensions «  forcing  the  fuel-combustion  process  In 
It  to  Increased  pressures  and  tenq;>e natures^  Increasing  the  engine's 
fuel -consumption  rate  and  per-llter  thrust «  and  using  more  efficient 
fuels. 

At  the  present  time,  the  development  of  Is  moving  toward 

perfection  of  the  designs  of  Individual  modifications  and  development 
of  new  high-thrust  engine  designs  to  use  hlgh-efflclency  fuels  and  de¬ 
velop  high  specific  thrusts.  The  combustion  ten^eratures  of  some  of 
these  fuels  may  reach  4000^C,  and  the  gas-discharge  velocity  through 
the  nozzle  may  run  as  high  as  3000-4000  m/sec.* 

The  fuels  In  use  at  the  present  time  Include  Tonka-250,**  kero¬ 
sene,  ethyl  alcohol  diluted  with  water,  etc. ;  auilllne,  Diesel  fuel, 
furfuryl  alcohol,  etc,  are  In  use  abroad. 

The  following  fuels  are  receiving  a  great  deal  of  attention  at 
the  present  tlmei  hydrazine  eund  fuels  based  on  It  (methyl  hydrazine, 
dimethyl  hydrazine),  dlethylamlne,  fuel  mixtures  based  on  kerosene  and 
pyrolysis  oil,  etc.  Liquid  fluorine,  oxygen  fluoride,  ozone -enriched 
oxygen,  etc.  are  of  great  Interest  as  oxidizers. 

At  the  present  stage  In  their  development,  long-remge  missiles 
require i 

l)  a  sharp  Increase  In  the  absolute  thrust  of  the  engines  up  to 
several  hundred  tons  for  a  single  unit; 

*Ekspress-lnformatslya  AN  SSSR,  No.  8,  RT-22,  I958. 

**a.  Mebus  [sic],  Raschet  raketnykh  dvlgateley  (Design  of  Rocket  En¬ 
gines),  IL  (Foreign  Literature  Press),  1959* 


2)  an  Increase  In  the  specific  thrust  of  the  engines  up  to  many 
tens  of  tons  per  unit; 

3)  a  further  reduction  of  engine  weight  per  \xnlt  of  thrust  devel¬ 
oped; 

4)  the  creation  of  multiple-chamber  engines  with  automatic  opera¬ 
tion  of  all  units. 

As  science  develops  the  field  of  liquid-fueled  rocket  engines > 
Increasing  amounts  of  attention  are  being  concentrated  on  such  prob¬ 
lems  as  the  reliability  of  the  designs,  simplicity  of  control,  etc. 

Great  difficulties  are  encountered  In  the  development  of  hlgh- 
power  engines.  The  Inordinate  Intensity  of  the  combustion  process  In 
the  engine  chamber,  the  high  gas  velocities,  presstires,  and  tempera¬ 
tures,  which  are  considerably  higher  than  any  values  hitherto  attained 
In  chemically  fueled  machines,  the  enormous  per-second  fuel  flow 
rate,  which  requires  servicing  by  feeder  \xnlts  developing  several  tens 
of  thousands  of  horsepower,  the  power  of  the  engine  Itself,  which  may 
run  to  tens  of  millions  of  horsepower  —  all  this  renders  particularly 
acute  the  problems  of  chamber  cooling,  making  the  chambers  explosion- 
proof,  starting  the  engine  and  controlling  Its  operation,  perfection 
of  the  m*  and  methods  of  supplying  Its  turbine,  the  development  of 
new  hlgh-efflclency  fuels,  high-strength  welding  steels,  and  many 
other  extremely  complex  problems. 

The  most  complex  problem  encountered  In  designing  high-thrust  en¬ 
gines  Is  that  of  ensuring  stable  operating  modes.  This  Is  due  to  the 
fact  that  difficulties  are  encountered  with  large  engines  of  the  A-4 
type  In  connection  with  the  necessity  of  making  the  Inner  chamber 
shell  quite  thick  (over  5  asn).  During  operation,  large  ten^erature 

*[:niA  -  TNA  «  Turbo -Nasosnyy  Aggregat  -  Turbopump  set.  ] 
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gradients  arise  In  this  shell,  with  the  resulting  complex  distribution 
of  thermal  stresses  across  Its  thickness,  the  latter  reducing  Its 
strength  margin  considerably  because  of  the  difficulty  of  arranging 
suitable  cooling  for  such  a  thick  shell,  whlcn  has  a  large  coefficient 
of  thermal  conductivity  (materials  possessing  high  thermal -conduc¬ 
tivity  coefficients  frequ«itly  have  relatively  low  strengths). 

In  a  number  of  cases,  this  effect  Is  further  complicated  by  elas¬ 
tic  Instability  of  the  shell  as  a  result  of  the  high  pressure  exerted 
on  It  by  the  cooling  fluid  and  the  thrust  from  the  nozzle  end.  More¬ 
over,  high-thrust  engines  have  large  nozzles,  which  make  up  the  basic 
part  of  the  engine  chamber's  weight.  And  the  use  of  monobloc  engine 
designs  Involves  great  difficulty  In  synchronizing  and  controlling  the 
operation  of  the  block. 

The  development  of  high-thrust  oxygen  engines  for  SDD*  Is  being 
paralleled  In  many  countries  by  work  on  the  creation  of  nltrlc-acld 
engines  for  these  purposes  fZhRp  "Erllkon”  [sic]  54). 

The  development  of  high-powered  liquid-fueled  rocket  engines  has 
been  accompanied  by  problems  of  controlling  them,  foremost  among  which 
are: 

1)  maintaining  thrust  and  chamber  pressure  constant  or  varying 
them  In  accordeince  with  a  specified  program; 

2)  maintaining  the  specified  proportions  between  the  fuel  compo¬ 
nents,  1. e. ,  the  weight  ratio  of  oxidizer  to  fuel; 

3)  maintenance  of  dynamic  stability  In  the  fuel-supply  system  and 
the  fuel -combust Ion  process  In  the  engine  chamber; 

4)  programming  the  presstire  variation  In  the  combustion  chamber 
euid  the  proportions  between  the  fuel  con9)onents  during  static  testing 

♦[cam  -  ^  -  Snaryad  Dal'nego  Deystvlya  -  Long-Range  Missile. ] 
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of  the  engine; 

5)  compensation  of  periodic  or  constant  errors  stemming  from  tol¬ 
erances  In  production  of  the  engine. 

Regulation  of  the  fuel -component  proportions  during  the  engine's 
operation  Is  necessary  for  maintenance  of  optimum  specific  thrust, 
which  prolongs  the  engine's  operation  time  aind  reduces  the  final  mass 
of  the  missile,  thereby  Increasing  Its  range. 

For  ballistic  missiles,  the  thrust  must  either  be  varied  In  ac¬ 
cordance  with  a  specified  program  dictated  by  the  acceleration  per¬ 
missible  or  held  constant.  The  latter  case  occurs  only  In  the  absence 
of  aerodynamic  drag  and  may  therefore  be  used  In  the  last  stages  of 
multiple -stage  missiles.  In  other  cases,  optimum  programming  of  the 
thrust  value  Is  required  for  attainment  of  maximum  terminal  velocity. 
This  also  applies  to  winged  missiles. 

One  Important  problem  encountered  even  when  automatic -control 
systems  are  used.  Is  that  of  ensuring  dynamic  stability  of  the  fuel- 
combustion  process  In  the  chamber  —  a  process  strongly  Influenced  by 
the  time  delay  and  nonlinearity  of  the  combustion  process,  the  rigid¬ 
ity  of  the  design.  Including  the  fuel  tanks  and  lines,  the  compressi¬ 
bility  of  the  fuel  components,  cuid  aerodynamic  forces  In  addition  to 
the  shape  of  the  chamber  and  Its  head  and  the  chemical  and  physical 
properties  of  the  fuel  components  used.  Despite  the  availability  of  a 
number  of  studies  devoted  to  theoretical  Investigation  of  this  pz*oblem, 
the  struggle  with  high-  and  low-frequency  gas-pressure  fluctuations  In 
the  combustion  ohaolber  Is  still  being  carried  on  by  empirical  methods. 

Liquid-fueled  rocket  engines  developing  thrusts  measured  In  hun¬ 
dreds  of  tons*  were  required  In  connection  with  the  development  of 
cosmic  and  super-long -range  missiles  In  recent  years,  as  well  as  mls- 
♦Interavla,  No.  4038,  1958. 
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slles  used  in  launching  large  Earth  satellites.  Nuclear  energy  will 
obviously  come  Into  use  In  the  future  for  high-thrust  engines. 


Chapter  II 

CEKERAL  ZhRD  CHARACTERISTICS 

The  basic  element  of  llquld-fueled  long-range,  antiaircraft,  euid 
other  rocket  missiles  Is  their  engine  —  the  Wk-  The  range  of  the 
missiles,  other  things  being  equal,  depends  to  a  large  measure  on  the 
perfection  of  the  engine's  design,  the  type  of  fuel  conqponents  used  In 
It,  and  also  Its  design  and  operational  characteristics. 

To  evaluate  the  operational  properties  of  existing  types  of 
and  to  choose  an  engine  as  required  by  the  tactical  and  technical  con¬ 
ditions,  at  first  one  must  become  acquainted  with  some  concepts, 
definitions,  basic  data  and  characteristics  of  the 

In  this  chapter,  the  classification  of  existing  Z^ijRD  Is  stated, 
and  their  general  characteristics  are  shown,  permitting  the  ascertain¬ 
ment  of  their  virtues  and  shortcomings,  comparison  of  their  qualities, 
and  establishment  of  e;q;)edlent  fields  of  application  for  this  or  some 
other  type  of  engine.  Tables  of  the  numerical  values  of  basic  param¬ 
eters  and  brief  data  concerning  the  design  particulars  of  existing 
are  Included.  Analyses  of  the  basic  factors  affecting  range  emd 
of  the  requirements  for  weapon  engines  are  also  shown.  At  the  same 
time,  other  problems  concerning  the  theory  and  bases  of  designing 
are  also  considered. 

SECTION  1.  BASIC  ZhRD  DESIGN  EUSMENTS 

A  heat  engine  Is  referred  to  as  a  reaction  engine  If  It  develops 


i 
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thrust  because  of  the  resultant  of  gasdynamlc  forces  on  the  engine 
combustion  chamber  (as  fuel  Is  spent)  and  because  of  the  discharge 
of  the  products  of  combustion  through  the  nozzle  Into  the  atmosphere. 

A  reaction  engine  using  liquid  fuel  for  Its  operation  Is  called  a 
llquld»fueled  rocket  engine. 

The  basic  design  elements  of  a  are  generally  as  follows. 

1.  The  engine  chamber >  In  which  fuel  combustion  Is  accomplished 
and  the  heat  energy  of  the  gases  Is  changed  to  kinetic  energy  In  the 
outflowing  stream,  as  a  result  of  which  thrust  Is  developed. 

The  engine  chamber  consists  of  a  head,  combustion  chamber,  and 
nozzle.  The  head  of  the  engine  chamber  seirves  for  atomization  of  the 
fuel  components,  which  are  fed  Into  the  cranbustlon  chamber  In  a  fixed 
weight  relationship. 

Spontaneous  blending,  heating,  evaporation  and  combustion  of  the 
fuel  occurs  In  the  combustion  chamber  of  the  engine. 

In  the  engine  chamber  nozzle,  as  the  products  of  fuel  combustion 
flow  out  Into  the  surrounding  medium,  their  heat  energy  Is  changed 
Into  kinetic  energy.  These  processes  have  am  enormous  Influence  on  the 
economy  of  operation  and  thrust  ch£u*aoterlstlcs  of  the  engine. 

The  processes  In  the  combustion  ohauaber  and  In  the  engine  nozzle 
are  closely  related  to  each  other.  The  aunoxmt  of  chemical  energy  which 
may  be  liberated  In  the  nozzle  as  the  result  of  fuel  combustion  and 
recoinblnatlon  of  gas  molecules  depends  on  the  stage  of  completeness  of 
the  process  of  combustion  In  the  combustion  chamber. 

2.  TOie  engine  propellant-feed  system.  oMlnamlly  consisting  of  one, 
two,  or  several  fuel  tanks,  a  mechanism  for  forced  delivery  of  the 
fuel  components  to  the  engine  chamber,  a  source  of  energy  for  starting 
this  mechanism,  communication  systems  and  fittings  (pipelines,  valves, 
vents,  flow-meter  washera,  amd  the  like),  which.  In  totality,  provide 
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for  normal  launching,  operating  regime,  and  stopping  of  the  engine. 

In  some  cases,  the  fuel  tanks  are  not  Included  among  the  engine 
elements,  but  are  part  of  the  vehicle. 

The  engine  may  have  such  fuel->feed  systems  and  controls  as  to 

permit  It  to  be  started  and  stopped  If  necessary. 

\ 

3.  The  engine  Ignition  system,  vihlch  Is  a  device  for  Igniting  the 
fuel  ifhen  the  Is  launched. 

In  some  types  of  the  Ignition  system  Is  not  structurally 

connected  with  the  engine  chamber,  and  sometimes  Is  even  entirely  lack** 
Ing,  If  self -Igniting  fuel  components  are  used. 

4.  The  engine  thrust  frame,  or  other  means  of  fastening  engine 
assemblies  to  one  another,  and  transmitting  thrust  to  the  weapon. 

There  are  autonomous  or  on-board  methods  of  feeding  the  engine 
units  with  compressed  gases.  ?or  autonomous  feeding,  sometimes  an  air 
flask  with  a  self-contained  unit  of  reducers,  pipelines,  fittings,  and 
valves  which  are  necessary  to  create  a  pressure  head  In  the  fuel  tanks 
and  for  other  purposes.  Is  used. 

The  rigid  requirements  demanded  of  an  engine  because  of  the  great 
concentration  of  energy  In  the  fuels  used,  the  complexity  of  the  phys¬ 
icochemical  processes  proceeding  In  It,  and  safety  requirements  dtu*lng 
operation  have  led  to  the  fact  that  contemporary  gjQg,  In  many  oases, 
az^.  In  their  design  relationships,  extremely  ooiiq;)lex  thzust  frames 
with  a  highly  developed  automatic  control  system. 

The  aspiration  for  maximum  automation  of  the  engine's  operation 
can  be  explained  by  the  fundamental  features  of  the  gjgg.  In  these  en¬ 
gines,  within  a  short  period  of  time.  It  Is  necessary  to  carry  out  all 
operations  i^ch  are  required  for  dependable  fuel  Ignition,  Increasing 
Its  delivery  to  the  ccaibustlon  ohainber  up  to  nominal  value,  malnt€d.n- 
Ing  this  rate  of  flow  constant  or  changing  It  In  accordance  with  the 
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programmed  operation  of  the  engine,  and,  finally,  stopping  the  engine 
at  the  proper  Instant. 

One  must  not  forget  that  the  fuel  tfhloh  Is  fed  Into  the  combus¬ 
tion  chamber  Is  an  esqploslve  fuel  mixture.  Considering  the  great  ex¬ 
penditure  of  fuel  per  second  In  the  engine.  It  Is  clear  that  the 
smallest  disruption  of  the  regularity  of  operation  of  the  feed 
system  or  delay  at  the  Instant  of  Ignition  of  the  fuel  may  lead  to  its 
concentration  In  the  combustion  chamber  and,  consequently,  to  a  sudden 
Ignition  with  a  sharp  rise  of  pressure  In  the  combustion  chamber  to  a 
great  quantity,  and  even,  as  a  consequence  of  this,  to  explosion  of 
the  engine.  The  same  thing  may  occur  when  fuel  combustion  Is  acciden¬ 
tally  Interrupted  or  a  fuel  Is  again  fed  Into  the  hot  combustion  cham¬ 
ber  after  the  engine  Is  stopped.  In  this  case,  the  Ignition  of  the 
fuel  by  the  hot  surface  of  the  chamber  also  may  lead  to  explosion  of 
the  engine. 

From  irtiat  has  been  said  It  Is  clear  that  the  fuel-feed  system 
has  to  function  without  fall.  In  practice,  this  Is  attained  by  automa¬ 
tion  €uid  the  blocking  of  the  engine  fuel-feed  system.  ^  an  automatic 
blocking  system  one  tinderstands  the  creation  of  such  conditions  as  to 
prevent  the  following  operation  to  be  performed  In  an  engine  feed 
system  from  being  carried  out  until  such  time  as  the  previous  opera¬ 
tion  has  been  acooaqpllshed. 

The  automation  of  the  fuel -feed  system  in  conten^wrary  Zjigg 
Is  being  carried  to  such  a  degree  of  perfection  that  all  operations  In 
launching,  placing  the  engine  on  the  chosen  operating  mode,  sind  stop¬ 
ping  It  eire  carried  out  by  delivering  only  one  coimnand  to  the  engine. 

Such  a  high  level  of  Qfifi  Autonation  Is  also  necessary  because  of 
the  fact  that  they  are  usually  Installed  In  pilotless  aircraft. 

nie  missile's  purpose  determines  Its  ty3>e  of  engine,  thrust,  and 
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operation  time,  which  in  tiim  influences  chamber  dimensions,  fuel -tank 

I 

volume,  and  choice  of  fuel  components. 

SECTION  2.  CLASSIFICATIONS  OF  EXISTINO  ZhRD 

Existing  liquid-fueled  rocket  engines  are  extremely  diversified 
in  their  designs,  operating  characteristics,  and  other  features.  This 
is  explained t 

1)  by  the  great  diversity  of  fuels  used  in  them; 

2)  by  the  purpose  of  this  or  that  type  of  engine,  which  deter¬ 
mines  the  magnitude  of  its  thrust,  program,  and  operation  time; 

3)  by  the  features  of  the  process  Involved  in  converting  the 
chemical  energy  of  the  fuel,  in  the  engine,  into  the  kinetic  energy  of 
the  gas  stream,  from  the  nozzle  outlet  to  the  surrounding  medium; 

4)  by  economic,  production,  and  similar  considerations,  as  well 
as  by  the  features  encotuitered  in  engine  development  trends  at  various 
design  bureaus. 

The  field  of  application  and  the  type  of  fuel  used  have  the 
greatest  influence  on  the  design  of  a  2fliRD. 

To  elucidate  the  virtues  and  shortcomings  of  these  or  those  types 
and  designs  of  engines,  to  establish  expedient  fields  of  application 
for  them,  and  to  study  their  design  and  operational  details,  it  is  ex¬ 
pedient  to  divide  existing  according  to  the  following  most  charac¬ 
teristic  features. 

1.  According  to  engine  designation; 

a)  sustalner  or  basic,  idien  each  engine  is  basic  in  the 
given  vehicle  and  operates  during  the  entire  flight  or  its  greater 
part; 

b)  booster,  used  to  facilitate  launching  of  a  weapon  which  has  a 


sustaining  engine; 
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c)  verniers,  used  In  a  weapon  during  flight  In  addition  to  the 
basic  engine  for  the  purpose  of  providing  a  short  Increase  In  thrust 
and  speed  to  the  weapon. 

Liquid-fueled  rocket  verniers  are  often  used  In  aviation;  they 
often  have  pump-fed  fuel  systems  with  mechanical  drive  from  the  main 
engine  of  the  aircraft.  The  verniers  may  be  started  many  times  during 
the  aircraft's  flight. 

Besides  this,  Siffi  Intended  for  one-time  (one-shot)  opera¬ 

tion,  that  Is,  for  use  during  only  one  flight  after  installation  In 
the  vehicle,  or  multi -time  (oniltl-shot)  operation,  that  Is,  for  use  In 
several  flights. 

2.  According  to  the  type  of  fuel  ueed>  ZhRD  are  divided  Into  en¬ 
gines  operating  with  hypergollc  and  nonhypergollc  fuel  compo¬ 
nents.  The  vcLflous  properties  of  fuels  Impose  specific 

features  on  the  design  of  the  engine. 

The  selection  of  liquid-fuel  components  for  a  given  engine  Is  gen¬ 
erally  based  on  the  methods  of  application,  availability  of  components, 
characteristics,  properties,  euid  similar  factors, 

fuels  may  be  monopropellant,  when  only  one  liquid  fuel  com¬ 
ponent  (isopropyl  nitrate,  nltromethane,  hydrazine,  and  others)  Is 
used,  and  bipropellant,  when  two  liquid  fuel  components  —  the  fuel  and 
oxidizer  —  are  used.  Trlpz>opellant  fuels  also  exist. 

At  the  present  time,  blpropellemt  engines  are  most  widely  used. 

3.  According  to  the  type  of  oxidizer  used  for  the  fuel,  engines 
are  divided  Intot 

a)  oxygen,  using  liquid  oxygen  or  Its  allotroplc  modifications 
and  compounds  with  the  fuel  elements  as  an  oxidizer; 

b)  nitric  acid,  using,  as  the  oxidizer,  nitric  acid  and  oxidizers 
which  are  derivatives  of  the  nitric  acid  or  which  contain  nitric  acid; 
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c)  hydrogen  peroxide j  using  hydrogen  peroxide  with  a  liquid  or 
solid  catalyst; 

d)  fluoride,  using  fluorine,  fluorides  of  oxygen,  and  other  fluo¬ 
rine  ^containing  compounds  as  oxidizers; 

e)  chlorine ,  using  chlorine,  oxides  of  chlorine,  or  other  oxi¬ 
dizers  containing  oxides  of  chlorine  or  their  derivatives. 

Complex  oxidizers,  containing,  in  various  combinations,  molecules 
of  oxygen,  nitrogen,  chlorine,  and  fluorine,  as  well  as  solutions  of 
several  oxides,  acids,  and  other  components  in  each  other  are  also 
known.* 

Engines  which  operate  on  suspensions  of  metals  and  metalloids, 
with  llqtiid  fuels,  are  also  possible.** 

The  classification  of  engines  according  to  the  type  of  oxidizer 
used  is  most  essential,  since  differences  in  oxidizer  properties  de¬ 
termine  the  design  shape  of  the  engines.  There  is  no  engine  Trtilch  can 
operate  with  several  different  oxidizers. 

Every  engine  is  developed  for  a  previously  determined  oxidizer, 
and,  as  a  rule,  the  design  of  one  engine  differs  from  the  design  of 
another  because  of  the  differences  in  the  properties  of  the  oxidizers 
used.  ISie  development  of  a  ZhRD  always  begins  with  the  choice  of  ox¬ 
idizer  and  fuel  for  the  engine. 

4.  According  to  the  method  of  propellant  feed  to  the  combustion 
chamber.  are  divided  into  the  following  classes: 

a)  with  a  pressure-fed  system  of  fuel  feed  by  means  of: 

—  gas  pressure  generators  (ajE).-*  that  is,  the  pressure  of  a 


*Skspress-infonnatsiya  AN  SSSR,  No.  21,  RT-60,  1959. 

**Voprosy  raketnoy  tekhnlki  (Problems  of  jacket  engineering).  No.  12, 

IL,  1959. 

♦♦♦[  TAH  ■  266  “  Oazovoy  Akkumulyator  Davleniya  -  Cas  Pressure  Generator. ] 
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cold  gas,  ordinarily  air  (SUi)>*  fed  to  the  fuel  tanks  from  a  special 
flask; 

—  solid  propellant  hot  gas  generator  (Ett)-**  that  Is,  the  pres¬ 
sure  of  the  hot  powder  gases,  which  form  during  the  operation  of  the 
engine  In  a  special  chamber  by  the  Ignition  of  a  powder  charge; 

—  liquid  gas  pressure  generator  (^^),***  that  Is,  the  pressure 
of  the  hot  combustion  products  of  self -Igniting  fuel  components, 
formed  during  the  operation  of  the  engine  In  one  general  or  In  two 
special  separate  chambers  (gas  generators).  Installed  on  the  upper  end 
plates  of  the  fuel  tanks; 

b)  with  a  pump-fed  system  of  fuel  feed  by  means  of: 

—  t\irbopump  unit,  that  Is,  with  delivery  of  fuel  consonants  from 
the  tanks  to  the  engine's  combustion  chamber  by  centrifugal  puns8« 
which  are  started  by  a  gas-vapor  turbine,  fed  with  gas  vapor  produced 
In  a  special  gas  generator  from  hydrogen  peroxide.  Isopropyl  nitrate, 
or  hydrazine,  from  Ignition  of  the  basic  fuel  conponents,  or  from  gas 
obtained  from  the  engine  combustion  chamber; 

—  Injectors,  idiose  operation  Is  based  on  the  principle  of  using 
the  kinetic  energy  developed  by  a  gas  when  It  expands  In  a  special 
nozzle  (the  gas  required  for  Injector  operation  Is  obtained  from  the 
combustion  chamber  or  produced  In  a  special  gas -vapor  generator). 

A  pump-fed  propellant-feed  system  with  a  gas-pressure  generator 
(Stt)  Is  often  called  a  pressurized  fuel-feed  system. 

5,  Accoi*dlng  to  the  heat  load,  are: 

*[  BAfl-  -  Vozdushnyy  Akkumulyator  Davlenlya  -  Compressed  Air 
Flask.  ] 

>■  Porokhovoy  Akkumulyator  Davlenlya  «  Powder  (Solld-Pro- 
pellant)  Pressure  Oenerator, ] 

***ClAil  -  "  Zhldkostnyy  Akkumulyator  Davlenlya  >  Liquid-Fueled 

Pressure  Oenerator.  ] 
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a)  of  the  "hot”  type,  in  which  the  fuel  burns  at  a  high  tempera¬ 
ture  (about  2700-3600°C) ,  and 

b)  of  the  "cold”  typej  in  which  decomposition  of  hydrogen  perox¬ 
ide  occurs  at  a  comparatively  low  temperature  (about  320-480®C). 

6.  According  to  the  method  of  cooling  the  chamber >  are  di¬ 

vided  into  engines  having: 

a)  regenerative  cooling j  which  Involves  the  fact,  that  one  of  the 
fuel  components  (or  sometimes  both  conqponents),  before  arriving  in  the 
combustion  chamber,  pass  through  the  Interliner  space  of  the  chamber, 
and  thus  cools  the  inner  liner  of  the  nozzle  auid  the  combustion  cham¬ 
ber; 

b)  sweat  cooling,  in  which  the  coolant  flows  from  the  interliner 
space  into  the  chamber  through  small  pores  in  the  inner  liner  which  is 
made  of  a  special  porous  material;  thus  the  chamber  wall  is  cooled  and, 
simultaneously,  a  vaporized  gas  film  is  formed  on  the  inner  surface, 
protecting  the  liner  from  excessive  heating  by  hot  gases; 

geuies; 

c)  flowing  water  cooling,  ordinarily  used  in  test  stands. 

It  is  also  possible  to  cool  engine  chambers  by  circulating  water, 
which  is  at  the  same  time  the  working  fluid  for  the  turbine  of  the 
pump  unit  of  the  engine  propellant  feed  system  (closed-cycle  regenera¬ 
tive  engine  cooling). 

The  heat  release  rate  of  the  combustion  chamber  and  nozzle  have  a 
basic  influence  on  the  choice  of  the  appropriate  method  of  engine 
cooling. 

At  the  present  time,  the  regenerative  method  of  cooling  is  the 
most  widespread,  since  it  is  most  dependable  and  economical.  In  this 
case,  the  heat  which  is  transferred  from  the  inner  liner  to  the 
coolant  is  returned  to  the  combustion  chamber. 


34 


For  regenerative  engine  cooling,  the  fuel  component  which  has  the 
least  corrosive  properties,  the  highest  values  of  heat  capacity,  ther¬ 
mal  conductivity,  and  other  characteristics  useful  for  this  purpose  Is 
ordinarily  used.  The  oxldl25er  Is  ordinarily  used  for  cooling  the  cham¬ 
bers  of  small-thrust  engines,  since  the  fuel  In  these  Is  Insufficient 
for  dependable  cooling. 

7.  According  to  the  method  of  protecting  the  Inner  liner  of 
the  chamber  from  overheating  (with  regenerative  cooling),  gigg  may  be 
divided  Into  engines: 

a)  with  a  gas  fuel  curtain,  created  on  the  head  side  of  the  cham¬ 
ber  through  peripheral  low-capacity  spray  nozzles; 

b)  with  film  fuel  curtains,  created  In  the  most  Intensely  heated 
parts  of  the  engine  chamber;  the  fuel  Is  fed  to  the  Inner  liner 
surface  through  special  apertures  or  slits  in  it,  by  which  means  the 
liquid  flows  along  this  surface  In  the  direction  of  the  gas  stream;  it  Is 
gradually  heated  and  vaporized,  and  thus  protects  the  liner  against 
excessive  heating; 

c)  with  Insulation  of  the  liner  gas  surface  against  heat  of 
the  gas  flow  (ceramics,  graphite,  metallic  oxides,  and  other  sub¬ 
stances  may  serve  as  Insulators). 

Protection  of  the  chamber  liner  against  overheating  by  a  gas  or 
film  fuel  curtain,  like  the  sweating  method  of  cooling.  Is  ordinarily 
applied  In  those  cases  when,  as  a  consequence  of  the  high  heat  release 
rate  In  the  engine  chamber.  It  cannot  be  cooled  by  the  most  simple  and 
economical  manner,  or  when  the  use  of  the  latter  Is  accompemled  with 
great  difficulties  under  the  particular  conditions. 

The  coolant  duct  of  a  ZhRD  chamber  may  be  slotted,  spiral,  spi¬ 
ral  slotted,  and  of  other  shapes. 

The  ring-shaped  coolant  duct  Is  the  simplest  and  cheapest  from  a 
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design  viewpoint. 

There  are  slngle-llner  and  double-liner  chambers.  Engines  of  the 
"cold”  type  and  uncooled  engines  of  the  "hot"  type  which  are  intended 
for  operation  for  not  longer  than  5-15  seconds  have  single-liner  cham¬ 
bers.  Cooled  engines  of  the  "hot"  type  with  a  relatively  long  operat¬ 
ing  period  have  double-liner  chambers. 

The  engine  chamber  cooling  system  must  permit  the  coolant  to  re¬ 
move  local  heat  flows,  which  have  maximum  value  near  the  critical  nozzle 
section,  from  the  Inner  chamber  liner  with  permissible  heating  of  this 
fluid  In  the  duct. 

8.  According  to  the  number  of  combustion  chambers,  engines  are 
divided  Into; 

a)  monochambered,  that  Is,  having  only  one  combustion  chamber  In 
their  design,  and 

b)  multlcl'.ambered,  that  Is,  having  in  their  design  several  com¬ 
bustion  chambers,  capable  of  operating,  as  desired,  either  simultane¬ 
ously  or  separately  for  the  purpose  of  changing  the  magnitude  of  the 
engine's  thrust. 

ZhgD  chambers  are  fabricated  of  steel,  copper  and  steel,  alumi¬ 
num,  ceramics  and  steel,  and  from  other  materials. 

There  are  cylindrical,  conically  tapering,  elliptical,  pear- 
shaped,  spherical,  and  other  shapes  of  combustion  chambers. 

The  type  of  fuel  used,  method  of  atomization,  pressure  In  the 
combustion  clmmber,  magnitude  of  thrust  and  operation  time  of  the  en¬ 
gine,  technology  of  Its  manufacture,  cost,  and  other  factors  Influence 
the  selection  of  an  expedient  shape  for  an  engine  combustion  chamber. 

The  outlet  portion  of  a  ghJW  chamber  nozzle  Is  constructed 
either; 

a)  conical  (the  flare  fiuigle  of  the  outlet  section  of 
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the  nozzle  usually  varies  from  25  to  35°)  or 

b)  shaped  (to  obtain  a  flow  of  gases  which  is  axial,  or  close 
to  it,  in  the  outlet  section  of  the  nozzle). 

Nozzle-section  height  may  be  controlled  or  noncontrolled. 

9*  According  to  the  method  of  atomizing  fuel  components ,  there 
are  ZhRD  chambers ; 

a)  with  Jet  atomization  (resembling  the  "Wasserfall"  guided  anti¬ 
aircraft  missile's  engine); 

b)  with  flat-spray  atomization  (resembling  the  "Rheintochter"  anti¬ 
aircraft  missile's  engine); 

c)  with  centrifugal  atomization; 

d)  with  pre chamber  atomization  (resembling  the  A -4  engine). 

Both  monocomponent  and  bicomponent  centrifugal  nozzles  are  made. 

In  construction,  welded  and  detachable  chamber  heads  have  flat, 

tent-shaped,  spherical,  and  other  shapes.  In  a  combustion  chamber  of 
spherical  shape,  that  part  in  which  the  fuel -atomizing  devices  are  lo¬ 
cated  is  called  the  head. 

10.  According  to  the  method  of  igniting  the  basic  fuel  components 
in  launching,  ZhRD  are  divided  into  engines; 

a)  with  chemical  Ignition,  that  is,  by  means  of  fuel  components, 
basic  or  launching,  which  are  self-lgnltlng  upon  contact; 

b)  with  electrical  ignition,  that  is,  by  means  of  electrical  de¬ 
vices  (electric  spark  plxigs  or  arcs); 

c)  with  pyrotechnical  ignition,  that  is,  by  means  of  a  pyroelec¬ 
tric  cartridge  (a  flame  formed  by  the  burning  of  a  propellant  grain). 

11.  According  to  the  magnitude  of  nominal  thrust,  one  may  conven¬ 
tionally  divide  ZhRD  into  engines; 

a)  of  small  thrust  (of  the  order  of  0.5-5  tons).  Intended  for 
aerial  torpedos  of  various  purposes,  small  antiaircraft  missiles. 


launching  engines,  and  for  main  engines  for  aircraft; 

b)  of  medium  thrust  (of  the  order  of  5-25  tons).  Intended  for 
large  antiaircraft  missiles  and  aircraft,  small  long-range  missiles, 
high-performance  and  super-hypersonic  fighter.  Interceptor,  and  re¬ 
connaissance  aircraft,  and 

c)  of  high  thrust  (over  25  tons),  Intended  for  large  and  extra 
long-range  missiles. 

are  produced  to  provide  both  for  controlled  and  noncontrolled 
thrust  during  engine  operation. 

Control  of  the  magnitude  of  thrust  of  a  ZhRD  Is  accomplished: 

a)  by  changing  the  fuel  rate  of  flow  per  second  In  the  combustion 
chamber  by  means  of  changing  feed  pressure  and 

b)  switching  on  or  switching  off  part  of  the  fuel  nozzles,  or 
separate  chambers  (If  the  engine  Is  multlchambered) . 

If  the  fuel  tanks  are  among  the  engine  elements,  ZhfflD  differ  as 
follows : 

a)  with  sequential  tank  arrangement  (one  tank  arranged  behind  the 
other,  along  one  axis); 

b)  with  concentric  tank  arraingement  (one  tank  placed  Inside  the 
other). 

Fuel  tanks  may  also  be  subdivided  as  follows: 

a)  airframe,  which  are  both  missile  body  and  load  carrier,  and 
nonairframe,  which  are  placed  In  the  missile  body  and  carry  only  the 
static  load  of  the  working  components  which  are  located  In  them; 

b)  relieved  of  working  gas  pressure  (with  turbopurap  fuel  delivery) 
and  loaded  with  working  gas  pressure  (with  a  pressure-fed  fuel  feed 
system  with  a  m>  m  ,  or 

c)  ”cold,''  Intended  for  liquid  oxygen;  hot,  from  which  a  fuel  com¬ 
ponent  Is  injectedby  a  hot  gas,  and  normal,  from  which  a  fuel  component 
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is  Injected  Into  the  combustion  chamber  by  a  cold  gas. 

12.  According  to  the  engine’s  connection  with  the  weapon.  ZhRD 
may  be  distinguished  as  follows: 

a)  constructions  which  are  Independent  of  the  weapon  (the  engine 
Is  suspended  from  the  weapon  or  Installed  In  It); 

b)  constructions j  which  are  part  of  the  weapon  (the  engines  of 
antiaircraft,  short-range,  and  long-range  missiles). 

SECTION  3.  BASIC  ZhRD  PARAMETERS 

The  basic  parameters  characterizing  the  flight  and  operational 
properties  of  a  of  any  type  and  design  are  as  follows. 

1.  Absolute  or  total  thrust,  developed  by  the  engine  in  operation 
at  a  rated  operating  regime,  p^.  (kg,  ton). 

The  absolute  thrust  of  the  engine  chamber,  relative  to  the  volxune 
of  the  combustion  chamber  Vj^,*  is  called  volumetric  thrust: 

Pi  =  P/Vj^  kg  thrust/liter. (2.1) 

2.  Specific  engine  thrust,  that  Is,  the  thrust  relative  to  the 
sum  of  the  fuel  rate  of  flow  per  second  In  the  engine: 

fudZ  -  (2-  2) 

or 

p<  ^  y  P  _ _ 

‘  ud  ^t^ud  liter  fuel/sec* 

vrtiere  P^  is  the  sxun  of  the  engine  thrust  In  kg;  0^  Is  the  total  rate 
of  fuel  flow  In  the  engine,  consisting.  In  the  aggregate,  of  rate  of 
fuel  flow  0.  In  the  combustion  chamber,  and  G'  In  the  gas  generator 
of  the  fuel  supply  system,  and  the  rate  of  fuel  flow  O^av***  ^  form¬ 
ing  the  protective  cxirtaln  around  the  surface  of  the  burner  liner, 

\  “  ^kamera  “  ^chamber*  ^ 

(  “  ^1  “  ^lltrovaya  “  ^volumetric*  ^ 

#**[0  =“0  “0  -  Q  4.  ^  .  ] 

'■  aas  zav  zaves  curtain  ■' 
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in  kg/sec;  Is  specific  gravity  of  the  fuel  In  kg/llter;  is 

specific  chamber  thrust. 

In  existing  ZhRD,  It  Is  possible  to  determine  specific  thrust 
from  the  thrust  value  and  the  rates  of  fuel  flow  Into  the  combustion 
chamber,  obtained  by  test-stand  measurements. 

Absolute  thrust  Is  not  characteristic  of  the  degree  of  perfection 
In  ZhRD  operation.  An  operational  characteristic  of  an  engine's  opera¬ 
tion  Is  Its  specific  thrust,  sometimes  called  the  specific  Impulse. 

The  greater  the  engine's  specific  thrust,  the  less  the  consump¬ 
tion  of  fuel  per  second  will  be  at  a  given  quantity  of  absolute  thrust, 
and,  consequently,  the  smaller  the  required  supply  of  fuel  In  the 
tanks  will  be  for  any  given  period  of  operation,  dimensions,  and 
weight  of  the  engine. 

The  greater  the  specific  thrust  of  a  ZhRD  In  operation  on  a  given 
fuel,  other  things  being  equal,  the  better  established  the  operating 
cycle  In  the  engine  and  the  more  perfect  the  '^nglre  from  a  design  view¬ 
point. 

Absolute  suid  specific  engine -chamber  thrust  are  constant  quanti¬ 
ties,  with  a  given  regime,  for  operations  In  space. 

The  required  thrust  of  a  ghfig  Is  determined  In  the  design  of  the 
given  weapon  (depending  on  range,  quantity  of  payload,  and  other  fac¬ 
tors  ) . 


3.  The  specific  fuel  consumption  In  the  engine,  that  Is,  fuel 
constunptlon  referred  to  a  unit  of  engine  thrust  per  second  or  per 
hour: 


*[7^  =  Yf  =  Ytopiivo  “  ^fuel’  ^ 

“  ^ud  “  ^udel'nyy  “  ^specific* ^ 
***f®yfl  “  ®ud  “  ^udel'nyy  ”  ^specific*  ^ 
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The  specific  fuel  consumption,  equally  with  the  specific  thrust. 
Is  an  Important  operating  characteristic  of  the  engine,  since  the 
greater  Its  value,  other  conditions  being  equal,  the  greater  the  range 
and  operating  period  of  a  weapon  will  be  with  the  given  engine. 

The  quantity  depends  on  the  pressure  In  the  combustion  cham¬ 
ber,  the  type  of  fuel  used,  and  the  establishment  of  the  operating  cy¬ 
cle  In  the  engine  chamber. 

4.  The  specific  weight  of  the  engine,  that  Is,  the  weight,  re¬ 
ferred  to  unit  of  engine  thrust: 

'^'dv  “  ®dv/^2  thrust,*  (2.4) 

where  Is  the  dry  weight  of  the  engine  In  kg,  and  Is  the  spe¬ 
cific  weight  of  the  engine. 

^  the  dry  weight  of  the  engine  Is  meant  the  weight  of  Its  en¬ 
tire  structure  when  the  tanks  are  not  filled  with  operating  components 
(fuel,  gas,  and  the  like). 

At  a  given  magnitude  of  absolute  thrust,  specific  weight  deter¬ 
mines  the  total  dry  weight  of  the  engine,  which  affects  the  weapon's 
characteristics  to  a  considerable  measure. 

5.  The  engine's  frontal  thrust,  that  Is,  the  thrust  relative  to 
1  cm^  of  the  greatest  cross-section  of  the  engine: 

Plob  “  ^z/^dv  ^  thrust/cm^,**  (2.5) 

p 

where  Is  the  greatest  area  of  cross-section  of  the  engine  In  cm  . 

The  specific  frontal  thrust  Is  very  Important  when  evaluating  the 
aerodynamic  qualities  of  the  engine,  since  the  greater  Its  value  at  a 
given  thrust,  the  less  the  greatest  cross-section  of  the  weapon  may  be 


“  ‘^dv  “  ''^dvlgatel'  “  "'^engine* 

®  “  ®dv  “  ®dvlgatel '  “  ^engine*  ^ 

**[Pj,oc=  ^lob  “  ^lobovaya  “  ^frontal’ 
^  “  ^dv  “  ^dvlgatel '  “  ^engine*  ^ 
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with  this  engine.  Existing  engines  have  a  =  1-4  kg  thrust/cm^. 

To  parameters  characterizing  the  engine  we  should  add  the  effec¬ 
tive  efficiency,  1. e. ,  a  relationship  between  fuel  components  com¬ 
bustion-chamber  volume  and  chamber  pressure 

Ordinarily,  tne  initial  parameters  of  a  ZhRD  are  given  as  its 
relative  parameters  in  operation  in  a  rated  operating  regime,  re¬ 
duced  to  standard  atmospheric  conditions. 

Under  the  conditions  mentioned,  existing  missile  ZhRD  (the  "Van¬ 
guard"  missile  and  others)  have  »  200-240  s  15-18 

The  operation  qualities  of  an  engine  are  its  adaptability  and 
dependability  of  operation,  lifetime,  simplicity  of  maintenance,  and 
others. 

The  engine  parameters  envunerated  above  facilitate  evaluation  of  a 
given  tsrpe  of  engine  with  respect  to  thrust  force,  economy  of  operation 
external  dimensions,  and  operational  qualities,  and  determine,  in  the 
first  approximation,  the  basic  virtues  and  shortcomings  of  this  or 
that  engine;  and  establish  rational  fields  for  its  application. 

The  basic  parameters  of  an  engine,  which  determine  its  qualities, 
depend  on  design  particulars,  operation  modes  of  the  engine  Itself, 
external  conditions,  and  a  nvunber  of  other  factors.  The  effective  cal¬ 
oric  value  of  the  fuel  and  the  pressure  in  the  combustion  chamber  and 
in  the  nozzle  outlet  section  have  a  substeuitlal  Influence  on  specific 
thrust,  specific  fuel  consumption,  and  efficiency  of  the  engine.  There 
fore,  to  determine  the  basic  qualities  of  a  projected  engine  and  prop¬ 
erly  choose  its  parameters,  it  is  necessary  to  know  the  dependence  of 
absolute  emd  specific  thrust,  and  of  specific  and  per-second  fuel  con- 


^  “  ^kamera  "  ^chamber*  ^ 


( 


STunptlon  on  flight  altitude^  pressure  In  the  combustion  chamber,  and 
other  factors. 

SECTION  4.  ADVANTAGES  AND  DISADVANTAGES  OP  ZhRD 

At  the  present  stage  of  development  of  reaction  engineering,  only- 
reaction  engines  which  operate  by  the  chemical  energy  of  decomposition 
and  oxidation  of  fuel  have  been  realized  and  are  in  practical  use. 

Such  engines  Include  reaction  engines  operating  on  solid  fuel 
(solid-propellant  or  PRD*) .  on  liquid  fuel  In  an  air  atmosphere  (VRD**) . 
and  the  Z^g,  operating  on  liquid  fuel;  these  engines  are,  at  the  pres¬ 
ent  time,  experiencing  their  greatest  development  and  application. 

Liquid-fueled  rocket  engines  have  the  following  advantages  In 
comparison  to  air-breathing  reaction  motors: 

1)  they  can  develop  thrust  even  in  an  airless  space,  since  their 
operation  does  not  depend  on  the  surrounding  medium  (flying  altitude 
Is  limited  only  by  the  supply  of  fuel  In  the  tanks  and  the  engine's 
specific  thrust) ; 

2)  absolute  thrust.  In  contrast  to  the  air-breathing  reaction 
motors.  Increases  with  ascent  In  altitude,  and  Is  little  dependent  on 
flying  speed  In  the  dense  layers  of  the  atmosphere; 

3)  the  possibility  of  concentrating  extremely  high  thrust  (up  to 
1000  tons)  In  one  engine  at  comparatively  small  dimensions  and  spe¬ 
cific  engine  weight  (from  0.01  to  0.040  kg/kg  of  thrust)***; 

4)  the  total  weight  of  the  engine  Is  less  than  the  weight  of  any 
air-breathing  engine  of  the  same  power; 

5)  the  convenience  of  using  the  engine  with  a  weapon  as  a  result 


=  PRD  =  Porokhovoy  Raketnyy  Dvlgatel'  =  Solid-Propellant 
Rocket  Motor. ] 

*♦[  BPfl=  VRD  =  Vozdushno-Reaktivnyy  Dvlgatel'  =  Ram-Jet  Engine.  ] 
***Ekspress-informatsiya,  AN  SSSR,  No.  20,  ADS-78,  1958. 

-  43  - 


c 


( 

4i^ 


of  the  relatively  small  external  dimensions; 

6)  the  possibility  of  obtaining  relatively  great  speeds  and  fly¬ 
ing  altitudes,  which  are  not  attainable  for  a  (the  A-4  long-range 
missile  has  a  flying  speed  of  about  1520  m/sec  for  5500  km/hr  at  an 
altitude  of  35-37  km) j 

7)  a  special  engine  Is  not  required  for  launching. 

Like  other  types  of  engines,  the  ZhRD  permits  the  accomplishment 
of  multiple  start-ups  and  regulation  of  thrust  force  by  changing  per- 
second  fuel  rate  of  flow  In  the  combustion  chamber. 

The  basic  disadvantages  of  the  are: 

1)  the  low  economy  of  operation  at  low  flying  speeds  (a  great 
specific  fuel  consimiptlon) ; 

2)  the  short  operating  time  of  the  engine,  which  Is  governed  by 
the  extremely  high  specific  fuel  consimiptlon  [up  to  15-20  (kg  of  fuel 
per  hour/kg  of  thrust)]; 

3)  the  Insignificant  operational  line  of  the  engine  (from  2.5  sec 
up  to  2  hovirs  Instead  of  50-300  hours  for  a  VRD  and  100-350  hours  for 
piston  engines) ; 

4)  the  payload  of  the  weapon  is  decreased  with  Increase  of  range 
by  the  Increase  of  the  supply  of  fuel  In  the  tanks; 

5)  the  necessity  of  having  a  liquid  fuel  oxidizer  In  the  rocket 
aircraft,  the  handling  of  which  Is  often  attended  with  great  difficul¬ 
ties. 

The  advantages  and  disadvantages  of  the  ZhRD  mentioned  above  have 
determined  their  fields  of  application. 

However,  In  comparison  with  engines  of  other  types,  these  virtues 
and  shortcomings  of  a  given  may  be  more  fully  elucidated  only  by 

Inspection  of  the  concrete  conditions  of  Its  operation,  such  as  thrust 

program,  altitude  and  flying  speed,  and  so  forth. 
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Fig.  2. 1.  Approxi¬ 
mate  comparison  of 
weight  characteris¬ 
tics  (Including 
fuel)  of  a  PRD  and 
ZhRD  at  various  op¬ 
eration  times,  l) 
Initial  acceleration. 


In  some  cases  (with  short  operation 
times,  small  amovint  of  thrust,  or  In  special 
fields  of  application)  the  solid-propellant 
rocket  engine  ( PRD)  can  successfully  rival 
the 

Among  the  virtues  of  the  there  are, 
first  of  all,  simplicity  of  Its  construction 
and  method  of  loading  the  fuel,  constant 
readiness  for  operation,  reliability  In  opera¬ 
tion,  cheapness,  less  specific  weight,  less 


TABLE  2.1 


1) 

Tun  ABuraTCM 

MaKCHUBJIbHO  AOCTHBCM* 
MiB  CKopoCTb  noaera 
2^  KMiiae 

nopuiHesue 

600 

Typ6o8iiHT0Biiie 

900 

TyptfopeaKTHBHue 

2000 

npBMOTOUHUe  BPA 

6000 

riopoxoDue  PA 

28000 

/KitiKociiiwe  PA 

50000 

TopMoaroMu'ue  PA 

100000 

3.icKrpo!ioiiiiue  PA 

500000 

•Pot  OH  II MC  PA 

300- 10« 

I)  Type  of  engine;  2)  maximum  flying 
speed  attained,  km/hr;  3)  piston;  4) 
turboprop;  5)  turbojet;  6)  ram-Jet; 
7^  solid-propellant  rocket  engine; 
o)  llquld-propellant  rocket  engine; 
9)  nuclear-heated  rocket  engine;  lO) 
electrlc-( system)  rocket  engines; 

II)  photon  rocket  engine. 


dependence  of  the  construction  on  the  type  of  weapon,  and  widespread 
application  In  most  diverse  fields  of  conten^orary  engineering.  More¬ 
over,  the  operation  of  a  solid-propellant  engine  does  not  depend  on 
the  mauieuverlng  of  the  missile  and  Its  acceleration  In  flight. 

Solid  fuels  (powders)  have  a  somewhat  smaller  specific  Impulse 
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than  liquid  fuels  and  are  more  e^qjenslve,  but  their  comp£U?atlve  advan¬ 
tage  lies  In  their  greater  specific  weight.  Powders,  In  comparison  with 
liquid  fuels,  are  more  reliable  and  safe  In  operation.  They  can  be 
better  stored  over  extensive  periods  at  any  atmospheric  temperature, 
they  are  not  toxic,  not  aggressive  In  relation  to  metals,  are  ready 
for  use  at  any  moment,  do  not  require  any  sort  of  prolonged  and  com¬ 
plex  preparations  before  use,  and  so  forth. 

However,  the  weight  characteristics  of  solld-propellant  engines 
can  be  better.  In  comparison  with  the  only  when  they  are  oper¬ 

ated  for  short  periods.  When  the  engine  operates  for  more  than  20  sec¬ 
onds,  the  has  a  smaller  relationship  of  engine  weight  (Including 

fuel  as  well)  to  the  developed  thrust  than  a  PRD.  Even  with  equal  spe¬ 
cific  thrust  [P^^  =  215  (kg  of  thrust/kg  of  fuel  per  second)],  the 
weight  characteristics  of  a  PRD  may  be  compared  to  those  of  a  ZhRD  only 
when  time  of  operation  Is  of  the  order  of  26  sec  (Pig.  2.1).  When  the 
time  of  operation  Is  less,  the  PRD  has  better  weight  and  thrust  charac¬ 
teristics  than  the  ZhRD,  since  they  provide  an  Increased  thrust  with¬ 
out  proportional  Increase  of  the  weight  of  the  dry  construction  for  a 
given  weight  of  charge.  Moreover,  as  a  consequence  of  the  lower  rela¬ 
tionship  of  weight  to  thrust,  the  PRD  permits  the  attainment  of  greater 
missile  accelerations. 

Another  basic  reason  for  the  limited  application  of  solld-propel¬ 
lant  rocket  missiles  In  a  number  of  cases  Is  the  high  cost  of  powder, 
the  large  dimensions  of  the  powder  chamber  for  a  considerable  time  of 
operation,  and  the  appearance  of  an  unstable,  resonant  combustion  of 
powder  In  long  chambers  of  small  diameter,  when  the  hot  powder  gases 
flow  In  the  chamber  with  great  speeds. 

The  tentative  values  of  flying  speeds  attained  In  practice  for 
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aircraft  with  different  types  of  engines  are  shown  In  Table  2.1.* 
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SECTION  5-  FIELDS  OP  APPLICATION  OP  ZhRD 

Liquid-fueled  rocket  engines  have  extremely  extensive  fields  of 
application. 

At  the  present  time  ZhRD  are  basically  used  for: 

1)  guided  and  nongulded  missiles  (antiaircraft,  short  and  long 
range,  cosmic,  and  others); 

2)  fighter  aircraft,  as  the  basic  power  plant,  and  bombing 
aircraft,  as  a  booster  engine.  Intended  for  short  aircraft  maneuvers. 
Increasing  horizontal  and  vertical  flying  speeds,  and  altitudes. 

The  ZhRD  has  a  comparatively  limited  application  in  meteorologi¬ 
cal  missiles,  racing  automobiles  and  motorcycles,  and  cargo  trucks  In¬ 
tended  for  operation  on  bad  country  and  motintaln  roads  (to  facilitate 
motor-vehicle  movement). 

Unguided  liquid-fueled  rocket  missiles  (NRS**)  are  chiefly  used 
as  a  tactical  weapon  for  bombardment  at  short  distances. 

Guided  liquid-fueled  rocket  missiles  (UZhRS***)  basically  resem¬ 
ble  ungulded  missiles  In  their  external  appearance  and  are  guided  dur¬ 
ing  flight  by  means  of  special  devices.  These  missiles  may  be  used  for 
strategic  targets,  as  a  means  of  ^0,****  and  for  carrying  out  scien¬ 
tific  studies  of  outer  space.  Such  missiles  have  extremely  diverse 
pvirposes  (  "ground -ground,  ”  "ground-air,"  "ground-water, "  "air-air," 
and  others) . 

Since  the  direction  of  flight  Is  corrected  by  devices  In  these 

♦Ekspress-informatslya,  AN  SSSR,  No.  8,  RT-23,  1958. 

**[  HPC=  NRS  =  Neupravlyaemyy  Raketnyy  Snaryad  =  Ungulded  Rocket 

Missile. ] 

♦**[yiPC  =  U^^  =  Upravlyaeroyy  zhldkostnyy  raketnyy  snaryad  = 

=  Guided  Liquid-Fueled  Rocket  Missile. ] 

**♦*[1130  =  PVO  =  Protlvovozdushnaya  Oborona  =  Air  Defense. ] 
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missiles,  the  accuracy  of  fire  in  this  case  considerably  exceeds  the 
accuracy  of  fire  of  unguided  liquid-fueled  and  solid-propellant  rocket 
missiles. 

Flight  range  and  altitude  of  single-stage  UZhRS  without  booster 
motors  is  limited  by  the  difficulties  of  constructing  such  missiles 
with  great  relationship  of  weight  of  dry  construction  and  payload  to 
gross  take-off  weight  of  the  missile,  and  the  comparatively  low  effec¬ 
tiveness  of  the  fuels  used. 

Aircraft  with  a  as  their  main  engines,  in  comparison  with 

aircraft  having  engines  of  other  types  (VMG»  TVRD^  TOD,*  and  PRD), 
have  advantages  in  regard  to  celling,  flying  speed,  and  rate  of  climb. 

At  the  present  time,  an  aircraft  with  this  engine  is  the  only 
vehicle  which  can  accomplish  a  flight  at  exceptionally  high  altitudes 
and  with  very  great  speeds.  However,  the  great  rate  of  fuel  flow  per 
second  in  a  ZhRD  limits  the  range  and  duration  of  flight  and  other 
important  characteristics  of  the  aircraft.  Moreover,  methods  of  in¬ 
creasing  the  range  of  an  aircraft  with  this  engine  are  not  promising. 
Therefore,  it  is  ejqjedlent  to  use  the  ZhRD  only  for  aircraft  Intended 
for  short  flights  and  high  altitudes. 

Rocket  engines  have  created  the  possibility  of  conquering  inter¬ 
planetary  space.  However,  the  solution  of  this  problem  still  requires 
enormous  work  along  the  lines  of  increasing  the  efficiency  of  the  en¬ 
gine,  using  the  more  effective  liquid  fuels  which  are  esq^lolted  with 
difficulty,  constructing  missiles  with  maximum  relative  fuel  conserva¬ 
tion,  and  with  the  use  of  multistage  missile  plans,  etc. 


♦[BUT  =  =  Vlntomotornaya  Qruppa  =  Engine-Propellor  Unit; 

TBPJl  =  TVRD  =  Turbovlntovyy  Reaktlvnyy  Dvlgatel'  =  Turboprop 
^  Engine; 

TPJI  =  TRD  =  Tiirboreaktlvnyy  Dvlgatel'  =  Turbojet  Engine.  ] 


¥ 
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Atomlc  reaction  engines  will  be  applied  without  limitations  both 
for  flights  from  the  earth  and  beyond  the  earth,  given  the  condi¬ 
tion  that  the  basic  problems  connected  with  their  development  are  sat¬ 
isfactorily  solved. 


SECTION  6.  REQUIREMENTS  DEMANDED  OP  WEAPON  ENGINES 

Weapon  engines  demand  the  following  basic  requirements: 

1)  compactness  and  simplicity  of  construction,  and  cheapness  of 
mass  production  and  operation; 

2)  automation  of  operation  and  reliability  of  hermetic  sealing 
of  fuel -feed  equipment; 

3)  small  specific  weight  and  dimensions  for  an  engine  of  given 
thrust; 

4)  continuous  combat  readiness  for  launching  within  the  tempera- 
txjre  range  of  -40  to  +50°C; 

5)  reliability  of  launching,  operation,  and  stopping; 

6)  good  response  —  stable  thrust  Increase  (for  missile  engines, 
the  time  required  to  reach  an  operating  regime  of  90^  nominal  thrust 
must  not  exceed  1-3  sec,  counting  from  the  Instant  at  which  the  launch¬ 
ing  pulse  Is  delivered) ; 

7)  high  economy  of  operation  (the  greatest  possible  value  of  spe¬ 
cific  thrust) ; 

8)  the  fuel  combustion  process  In  the  engine  chamber  must  be  dy¬ 
namically  stable  In  a  given  thrust  range,  during  the  weapon's  maneuvers 
and  perturbations  dvirlng  flight; 

9)  constancy  of  developed  thrust  for  the  established  operating 
regime; 

10)  possibility  of  stopping  the  engine  before  complete  e;:q}endl- 
ture  of  the  fuel  supply  In  the  tanks  ( If  necessary) ; 
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11)  possibility  of  prolonged  storage  of  the  engine,  filled  up 
with  fuel,  and  transporting  It  by  motor  or  railway  transportation 
(this  Is  especially  Important  for  the  engines  of  antiaircraft  missiles 
and  aerial  torpedos); 

12)  materials  of  the  engine  and  Its  anticorrosive  covering  must 
permit  Its  prolonged  storage; 

13)  convenience  of  assembling  the  engine  and  the  weapon,  and 
others . 

This  list  of  requirements  Is  equally  applicable  to  expendable 
engines  (antiaircraft  and  long-range  guided  missiles  and  others)  and 
multi-shot  engines  (the  aviation  type). 

Aircraft  engines  for  multi-shot  operation,  boosters,  and  launch¬ 
ing  engines  demand  the  following  additional  requirements. 

a)  For  multi-shot  engines: 

1)  possibility  of  starting  it  at  any  flight  altitude  In  not  more 
than  3  sec; 

2)  possibility  of  not  less  than  6-7  starts  during  flight; 

3)  regulation  of  thrust  within  the  limits  from  maximum  value  to 

0.1; 

4)  control  of  operation  from  one  control  unit; 

5)  operating  life  must  be  not  less  than  2  hours. 

b)  For  boosters  for  main  engines; 

1)  possibility  of  stsu?ting  at  any  altitude  In  not  more  than  3  sec 

2)  possibility  of  not  less  than  3-4  starts  during  flight; 

3)  regulation  of  thrust  (If  necessary)  from  maximum  value  to 

0.3; 

4)  operating  life  of  the  combustion  chamber  must  be  not  less  than 
1  hour. 

c)  For  launching  engines: 
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1)  possibility  of  synchronized  starting  of  several  engines  op¬ 
erating  In  parallel; 

2)  possibility  of  Jettisoning  to  the  earth  by  parachute  after 
completion  of  operation. 

Blastoff  of  ungulded  aircraft  and  ballistic  missiles  and  trans¬ 
mitting  the  Initial  acceleration  of  flight  to  them  are  possible  by 
means  of  the  application  of  a  powder  charge  In  the  combustion  chamber 
of  the  sustaining  ZhRD. 

The  above  list  of  requirements.  In  general.  Is  entirely  complete, 
and,  moreover.  It  characterizes  the  operational  potentials  of  engines 
of  various  designations  rather  fully. 

In  each  separate  case,  an  engine  may  also  demand  other  additional 
requirements. 

In  designing  nltrlc-acld  engines.  It  Is  necessary  to  consider  ad¬ 
ditionally  the  extremely  high  toxicity  and  corrosive  properties  of 
nitric  acid,  and  Its  continuous  vaporization  (fuming).  The  Insulation 
of  a  nltrlc-acld  engine  and  tanks  In  a  weapon  require  a  special  method, 
which  provides  complete  Insulation  of  the  engine  from  the  other  parts  of 
the  vehicle.  Materials  used  for  engines  of  this  type  must  be  corrosion- 
resistant  to  nitric  acid. 


SECTION  7.  FACTORS  AFFECTING  VELOCIIY  AND  RANGE  OF  MISSILES  WITH  ZhRD 
Many  various  factors,  of  which  the  following  are  the  most  basic, 
affect  a  missile's  velocity  at  the  end  of  the  powered  phase  and 

range  L: 

1)  the  fuel-weight  ratio  In  the  missile: 

a  =  G^/Go;**  (2.6) 

^  *^^KOH  ~  ^kon  ~  ^konets  ~  ^end’  ^ 

=  G^  =  ^topllva  =  Qfuer  ^ 
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(2.7) 


c 


2)  the  missile's  thrust-weight  ratio: 

b  =  Pj/Qq; 

3)  the  engine's  specific  thrust: 

fudo  -  V'JZ' 

where  Is  the  supply  of  fuel  In  the  missile's  tanks  before  blastoff; 
Qq  Is  the  total  starting  ( Initial)  weight  of  the  missile;  Pq  Is  the  en¬ 
gine's  absolute  thrust  at  missile  blastoff;  0^  Is  fuel  rate  of  flow  per 
second  In  the  engine; 

4)  the  angle  of  the  missile's  flight  trajectory  at  the  end  of  the 
powered  phase  relative  to  the  vertical; 

5)  the  aerodynamic  shape  of  the  missile,  principle  of  Its  mul¬ 
tiple  stage  design,  and  others. 

The  fuel -weight  ratio  a  for  the  missile  has  the  greatest  effect 
on  and  L,  but  In  practice  It  Is  limited  by  the  structural  features 
of  the  missile  and  the  materials  used. 

In  existing  antiaircraft  missiles  a  ~  0.60-0. 65,  and  In  long- 
range  missiles  a  «  O.72-80. 

The  lower  value  of  the  coefficient  a  In  antiaircraft  missiles, 
compared  with  long-range  ballistic  missiles,  can  be  e:qplalned  by  the 
fact  that  the  antiaircraft  missiles  are  more  rugged  and  heavier  since 
they  are  likely  to  encounter  greater  lateral  acceleration  during 
flight,  and  consequently  greater  loads. 

Long-range  missiles  that  are  more  highly  perfected  with  respect 
to  weight  are  possible,  but  at  the  present  time  It  Is  possible  to  at¬ 
tain  this  only  at  great  cost  (by  the  application  of  multistage  mis¬ 
siles,  use  of  more  efficient  fuel,  etc.). 

At  given  values  of  and  b,  the  quantities  ^ 

directly  proportional  to  a. 

The  missile's  thrust-weight  ratio  b  has  the  least  Influence  on 
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Vj^on  ^  relative  to  a  and  and,  moreover,  has  limited 

practical  potential.  When  b  Is  Increased,  flight  range,  at  first.  In¬ 
creases  swiftly,  but  when  b  Is  greater  than  10  It  remains  almost  con¬ 
stant.  With  given  values  of  a  and  an  Increase  of  b  Increases  the 
values  of  ^kon  and  L  In  direct  proportion  to  a.  In  practice,  even 
when  a  Is  equal  to  0.80  (a  long-range  missile).  It  Is  estpedlent  to  as¬ 
sume  a  value  of  b  greater  than  3»  since  to  increase  b.  It  Is  necessary 
to  Increase  the  absolute  engine  thrust,  and,  consequently,  the  dimen¬ 
sions  and  weight  of  the  engine  and  missile,  which  under  certain  condi¬ 
tions  causes  the  gain  due  to  increased  b  to  vanish. 

In  existing  antiaircraft  missiles,  b  »  2.5-6  and  higher,  and  In 
long-range  missiles,  b  «  1.8-2. 5* 

At  a  lower  thrust-weight  ratio,  the  missile  has  bad  blastoff 
properties,  and  at  higher  thrust-weight  ratios,  bad  weight  characteris¬ 
tics,  which  decreases  the  effective  use  of  the  missile. 

The  theoretical  optimum  of  the  missile’s  thrust-weight  ratio  de¬ 
pends  basically  upon  Its  designation,  type,  degree  of  design  perfec¬ 
tion,  and  launching  method  used. 

The  greater  the  thrust-weight  ratio  of  the  missile,  the  greater 
Its  rate  of  climb  and  axial  overload.  One  of  the  factors  determining 
the  upper  limit  of  the  missile's  thrust-weight  ratio  is  the  axial 
overload  permitted  by  operating  conditions  and  durability  of  the  mis¬ 
sile's  on-board  guidance  system  devices. 

The  engine's  specific  thrust  P^^^  Is  the  second  most  Important 
factor  after  the  coefficient  a,  in  Increasing  Vkon  and  L  (the  velocity 
^kon  Is  proportional  In  the  first  stage,  and  L  In  the  second  stage,  to 
the  quantity  P^^) . 

With  a  given  value  of  b,  the  influence  of  P^^  on  and  L  Is 
directly  proportional  to  the  factor  a.  However,  an  increase  of  P^^  re- 
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TABLE  2.2 


^^N'ui'.iii'icustc  a 
npii 

kici'k/k: 

1  IIrtni.iii:eiiiie  L  otiiociitc.ii.mo  .i.i.ib- 
1  mtciii  ciiaps.ia  A-S  aa  cior  yiie.iii- 
!  ■leiiim  a  npii  Py^=^‘2(.'0  xcccujuc 
£==350  KM  npiiiisTa  aa  CAHHHuy 

3  Viicaii'ieiiiie  Py,  .i.ia 

TaKoro  >Ke  iioebiuje. 
iiita  L,  KaK  H  aa  ewer 
pocra  a  A.ia  a»70H 

70 

1 

'Py^~20Q  KieeKiKZ 

85 

2.3 

350 

90 

4 

350 

95 

6 

400 

1) 


Increase  In  a. 


at  P. 


ud 


0 


200  kg  sec/kg, 


2)  Increase  In  L,  relative  to  range  of  A-4  mis¬ 
sile,  due  to  Increase  In  a,  at  =  200 

kg  sec/kg,  L  =  350  km  Is  the  unit;  3)  Increase 
In  P^^  for  the  same  Increase  In  L,  as  well  as 

for  the  Increase  In  a,  at  a  =  70$^;  4)  P^^  = 

=  200  kg  sec/kg. 


quires  raising  the  pressure  1ft  the  en¬ 
gine  combustion  chamber,  the  use  of 
fuels  with  higher  heating  values  at  high 
combustion  temperatures  and,  thus  a 
structurally  more  complex  cooling  system 
for  both  combustion  chamber  and  nozzle; 
also,  other  measures  are  needed,  and 
these  complicate  engine  design,  raising  specific  weight  and  cost. 

It  Is  obvious  that  In  practice  the  Increase  of  and  L  will  be  at¬ 
tained  by  simultaneous  Increase  of  a  £uid  well  as  In  other 

ways.  It  Is  always  necessary  to  try  to  develop  an  engine  with  the 
greatest  P^^  and  the  least  specific  weight. 

In  Pig.  2.2,  the  curves  showing  flight  altitude  Hp*  of  a  long- 
range  missile  as  functions  of  the  values  of  a,  b,  and  P^^j  are  shown, 
no  allowance  being  made  for  the  resistance  of  the  surrounding  medium 


Fig.  2.2.  Flight  altitude 
H  of  missile,  as  function 
of  values  of  a,  b,  and 
Pud* 


^  “polet  ~  ”f light’ ^ 
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and  the  Influence  of  the  acceleration  of  gravity. 

In  Table  2.2,  there  are  shown  data  concerning  the  tentative  de¬ 
pendence  of  L  on  a  and  for  the  A-4  long-range  missile,  without  al¬ 
lowing  for  the  resistance  of  the  surrounding  medium  and  the  accelera¬ 
tion  of  gravity. 

The  approximate  data  given  In  this  table  Indicate  that  an  Increase 
In  a  rapidly  attains  Its  practical  limit,  since  It  would  almost  be  Im¬ 
possible  to  design  a  single-stage  missile  In  which  90^  of  the  weight 
would  be  due  to  the  fuel,  l.e.,  at  a  =  905^. 

The  Increase  In  effectively  Increases  L,  In  practice,  within 
great  limits.  In  addition.  It  Is,  In  practice,  possible  to  Increase 
Pud  to  Its  upper  limits.  If  not  restricted  by  a  fixed  energy  source. 

The  range  of  a  liquid-fueled  rocket  missile  of  any  type  Is  deter¬ 
mined  to  a  considerable  degree  by  the  velocity  Vkon* 

The  development  of  rocket  aerospace  equipment  Is  determined  by 
the  following  magnitudes  of  flight  speed  at  the  end  of  the  powered 
trajectory*: 

a)  missiles  for  hitting  bombers  and  fighters,  1-2  knv'sec; 

b)  missiles  for  shooting  down  Intercontinental  rockets,  about  3-7 
Vra/Beo; 

c)  long-range  missiles  (L  =  1000-10,000  Ion),  about  2-8  kn/sec; 

d)  pilotless  aircraft  (L  =  1000-20,000  km),  about  1-6  kiVsec; 

e)  rocket  vehicles  for  artificial  satellites,  about  8  kg/sec  [sic] 

f)  rockets  for  space  flights,  about  11.2  kg/sec  [sic]. 

The  optlmxun  solution  of  these  requirements  depends  primarily  upon 
the  magnitude  of  specific  thrust  attained. 

Each  of  the  above-mentioned  types  of  rocket  missiles  requires 
different  design  solutions  In  the  process  of  development.  However,  all 


♦Voprosy  raketnoy  tekhnlkl,  1958,  No.  5,  IL. 


Pig.  2.3.  Plight 
speed  of  single- 
stage  rocket  at  end 
of  fuel  cutoff,  as 
functlonof  1) 

Pud  =  300  kg  sec/kg; 
2)  =  600 

kg  sec/kg;  3)  escape 
velocity. 

knv/secj  B)  rocket- 
weight  ratio. 


Pig.  2.4.  Theoretical 
specific  thrust,  de¬ 
pendent  on  tempera¬ 
ture  of  mass  carrier 
In  the  reactor  of  an 
atomic  engine.  A) 

Pud>  l«sec/kg;  B)  hy¬ 
drogen;  C)  methane; 

D)  ammonia. 


Pig.  2.5*  Plight  speed  at  end 
of  fuel  cutoff  attained  by 
multi-stage  rockets  having 
varlousj^and  specific  thrusts. 

kn/sec;  2)  number  of 

rocket  stages;  3)  escape  vel¬ 
ocity. 


the  problems  connected  with  them  may  be  solved  In  principle  by  the  use 
of  molecular  chemical  fuels. 

In  Pig.  2.3  there  are  shown  the  rovighly  calculated  values  of  at¬ 
tainable  flight  speeds  of  a  single-stage  rocket  at  the  end  of  fuel 
cutoff,  allowing  for  atmospheric  resistance  and  the  effect  of  gravity, 
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as  a  fxinctlon  of  the  weight  ratio  q  =  where  Qq  Is  the  takeoff 

weight  of  the  missile  and  the  fuel,  and  Oj^  Is  the  weight  of  the  mls- 
I  slle  at  the  end  of  fuel  cutoff.** 

The  ciirves  shown  In  this  figure  Indicate  that  at  =  300 
kg  sec/kg.  In  order  to  attain  the  cosmic  (11  km/sec)  [escape]  velocity- 
altitude  a  single-stage  rocket  with  a  clearly  unrealistic  weight  ratio 
of  q  >  150  Is  required.  At  =  600  kg  sec/kg  the  development  of  a 
rocket  with  a  weight  ratio  of  q  =  9  Is  conceivable  from  a  practical 
standpoint  ( for  example ,  for  a  flight  to  the  moon) . 

The  theoretical  values  of  P^^  depending  on  reactor  temperature  of 
an  atomic  engine  and  the  properties  of  Its  mass  carrier  (the  energy 
heat  carrier)  are  shown  In  Pig.  2.4. 

Figure  2.5  gives  the  calculated  approximate  values  of  the  attain¬ 
able  flight  speeds  for  multistage  rockets  at  the  end  of  fuel  burnout. 
The  curves  In  this  figure  Indicate  that  with  a  weight  ratio  of 
q  =  2  and  with  P^^  =  300  kg  sec/kg,  the  "cosmic”  flight  velocity  can 
be  attained  only  with  12-13-stage  rockets.  At  q  =  5  and  P^^j  =  300 
kg  sec/kg,  three-  or  four-stage  rockets  (with  ^^)  are  required  for 
space  flights. 

The  principal  task  In  designing  and  constructing  ZhRD  Is  to 
achieve  the  highest  possible  values  of  pressure  and  gas  temperature  In 

the  combustion  chamber,  compatible  with  the  required  chamber  strength. 
The  level  of  perfection  of  the  chamber  nozzle.  Its  cooling  method,  and 
other  factors  substantially  affect  the  magnitude  of  ^ud’ 

Development  of  an  Improved  missile  design  requires  new  design  so¬ 
lutions  and  more  Improved  methods  of  production  of  the  missile  Itself 
as  well  as  the  engine. 

L  ~  ^konets  ~  ®end'  ^ 

**Avlatlon  Age,  Vol.  28,  No.  1,  January  1957. 
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SECTION  8.  BASIC  PROBLEMS  TO  BE  SOLVED  IN  PLANNING  AND  DESIGNING 
ZhRD 

1^  The  basic  problems  which  must  be  solved  In  planning  and  design¬ 

ing  a  liquid-fueled  rocket  engine  for  a  craft  of  any  designation  can 
generally  be  broken  down  as  follows. 

For  a  rational  choice; 

a)  type  of  fuel,  system  of  Its  supply  and  atomization; 

b)  basic  parameters  of  the  engine,  providing  for  a  solution  of 
the  problem  posed  (pressure  In  the  combustion  chamber  and  In  the  noz¬ 
zle  outlet  section  and  others); 

c)  combustion-chamber  and  engine-nozzle  shapes; 

d)  method  (system)  of  engine  cooling; 

e)  systems  for  starting  and  controlling  the  engine's  operation, 
switching  on  various  valves  (electrical,  hydraulic,  pneumatic)  and 
other  elements; 

f)  designs  of  the  separate  elements  of  the  engine; 

g)  materials  used  for  manufacturing  the  engine. 

For  calculations  to  determine; 

a)  characteristics  of  the  engine  (altitude,  throttling,  hydraulic, 
and  others) ; 

b)  geometrical  dimensions  of  the  combustion  chamber  and  nozzle  of 
the  engine; 

c)  parameters  auid  geometric  dimensions  of  the  fuel -feed  and 
atomization  systems  as  well  as  of  the  engine  cooling  duct. 

The  solution  of  these  problems  Is  usually  based: 

1)  on  proved  theoretical  and  operational  data,  and 

2)  on  the  results  of  subsequent  tests  c«u?ried  out  on  the  projected 
and  built  prototype  for  purposes  of  checking  and  adjusting  to  achieve 

r 

^  economy  and  reliability  of  operation. 
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In  determining  the  basic  parameters  and  dimensions  of  the  engine 
being  designed,  we  generally  make  use  of  the  relative  data  (coeffi¬ 
cients)  applicable  to  contemporary  engines. 

In  designing  a  It  Is  necessary  to  follow  departmental  and 

all-union  standards  and  norms,  as  well  as  the  technical  conditions  for 
manufacture,  assembly,  and  testing. 

It  Is  Impossible  to  give  general  rules  for  designing  a  be¬ 

cause  the  development  of  each  separate  construction  of  an  engine  de¬ 
pends  on  Its  use,  type  of  fuel,  available  data,  and  other  factors. 
However,  the  usual  methods  of  choosing  the  shape  of  the  combustion 
chamber  and  nozzle  of  the  engine,  the  values  of  Its  basic  parameters, 
as  well  as  calculations  of  heat  transfer,  operational,  geometrical, 
and  hydraulic  characteristics,  systems  for  fuel  feed  and  Injection, 
are,  with  some  exceptions,  suitable  for  all  types  of  ZhRD. 

In  designing  an  engine,  we  devote  great  attention  to  the  problems 
of  simplicity  and  cheapness  of  construction,  convenience  of  guidance 
and  operation,  reliability  and  economy  of  operation,  and  so  forth. 

The  solution  of  the  problem  of  developing  a  reliable  construction 
for  a  ZhRD  of  great  thrust  Is  Impeded  by  the  fact  that  It  is  attended 
with  constant  Intensification  of  the  heat  processes  In  the  combustion 
chamber.  Increase  of  fuel  consumption,  and  the  use  of  more  efficient 
fuels.  An  e:35)edlent  choice  of  fuel  components  for  a  specific  engine 
Intended  to  fulfill  a  certain  function  Is  the  first  and  most  obliga¬ 
tory  condition  for  success  in  developing  an  engine.  However,  the 
greatest  difficulties  arise  in  working  out  the  design  of  the  en¬ 
gine. 

After  completion  of  the  engine  design  to  meet  the  requirements  of 
the  selected  fuel  type,  structiu’al  and  similar  measures  are  worksed  out 
to  provide  for  stable  combustion  within  the  combustion  chamber  of  the 
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engine,  without  fluctuations  In  pressure  and  detonation  phenomena 
capable  of  destroying  the  engine  (because  of  powerful  vibrations  and 
explosions  within  the  engine)  during  the  first  seconds  of  engine  op¬ 
eration  as  It  enters  the  nominal  regime,  or  at  any  subsequent  Instant 
of  time. 

The  following  basic  stage  of  engine  development  Is  the  solution 
of  the  problem  of  cooling  the  combustion  chamber  and  nozzle.  Reliable 
cooling  of  a  always  presents  great  difficulties  In  developing  any 
engines  of  prolonged  operation,  which  develop  a  considerable  specific 
thrust. 

The  following  stage  Is  the  development  of  the  engine  fuel-feed 
system  and,  finally,  the  last  stage  Involves  the  development  of  sys¬ 
tems  for  starting  and  controlling  the  engine. 

Successful  solution  of  these  problems  Is  possible  only  upon  con¬ 
dition  of  considering  the  latest  scientific  achievements  In  the  devel¬ 
opment  of  ZhRD  and  In  other  associated  fields  of  engineering. 
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Chapter  III 

ENGINE  OPERATING  CYCLES  AND  EFFICIENCY 

The  work  of  a  ZhRD  consists  of  changing  the  chemical  energy  of 
liquid  fuel  Into  heat  energy  and  then  Into  the  kinetic  energy  of  com¬ 
bustion  products  flowing  from  the  nozzle  Into  the  atmosphere,  as  a  re¬ 
sult  of  which  a  reactive  force  —  the  engine's  thrust  —  Is  developed. 

This  change  of  the  chemical  energy  of  the  fuel  In  a  ZhRD  Into  the 

other  corresponding  forms  of  energy,  as  In  any  other  engine,  Is,  In 
practice,  accompanied  by  an  unproductive  expenditure  of  part  of  the 
energy  of  the  fuel  burned.  The  smaller  the  magnitude  of  this  loss,  the 
more  perfect  the  engine. 

In  the  present  chapter,  the  thermodynamic  processes  which  form 
the  basis  of  the  chajige  of  the  chemical  energy  of  the  fuel  In  a  ZhRD 

Into  the  kinetic  energy  of  the  gas  flow  are  considered. 

SECTION  1.  OPERATING  CYCLE  OF  AN  IDEAL  ENGINE 

By  the  operating  cycle  of  a  Is  meant  the  totality  of  the 

thermodynamic  processes  In  the  mass  carrier  In  the  engine  chamber,  as 

a  result  of  which  the  chemical  energy  of  the  fuel  Is  turned  Into  the 
kinetic  energy  of  the  gases  Issuing  from  the  nozzle  Into  the  surround¬ 
ing  medlvun. 

To  ascertain  and  analyze  the  most  Important  parameters  which  In¬ 
fluence  the  operating  economy  of  the  engine  and  serve  for  compeo’atlve 
evaluation  of  real  engines,  the  concept  of  the  operating  cycle  of  an 
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Ideal  engine  has  been  introduced  Into  the  theory  of  the 

By  the  operating  cycle  of  an  Ideal  engine,  we  mean,  conventionally, 
a  certain  closed  and  reversible  thermodynamic  cycle  consisting  of  the 
simplest  thermodynamic  processes  and  constituting  a  simplified  scheme 
of  the  combination  of  the  actual  processes  occurring  In  real 

In  accordance  with  this,  the  following  assiunptlons  are  accepted 
for  the  operating  cycle  of  an  Ideal  engine; 

1)  the  fuel  components  are  compressed  and  fed  to  the  combustion 
chamber  without  hydraulic  resistances  In  the  line  and  with  a  negligible 
loss  of  energy  on  these  processes,  relative  to  the  mechanical  work  per¬ 
formed  by  the  products  of  fuel  combustion; 

2)  by  means  of  atomization  and  mixing  of  the  fuel  components  fed 
to  the  combustion  chamber,  an  absolutely  uniform  (homogeneous)  fuel 
mixture  is  formed. 

3)  the  fuel  components  flow  Into  the  combustion  chamber  at  a  con¬ 
stant  rate; 

4)  the  fuel  In  the  engine’s  chamber  burns  at  constant  pressure 
and  with  complete  heat  liberation  (when  =  1*); 

5)  the  combustion  products  of  the  fuel  form  an  Ideal  gas; 

6)  the  products  of  combustion  expand  adlabatlcally  In  the  nozzle, 

1.  e. ,  without  transfer  of  heat  to  the  surrounding  medl\im,  and  without 
complete  fuel  combustion,  recombination,  relaxation,  and  without  vis¬ 
cosity  friction  between  the  molecules  of  the  gases; 

7)  the  same  fields  of  pressure,  temperature,  and  velocity  are  to 
be  found  In  any  cross  section  of  the  ccmibustlon  chamber  and  nozzle 
throughout  their  lengths; 


‘^’k  ^kamera  '^’chamber*  ^ 
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Pig.  3-1*  Operating  cycle  of 
an  Ideal  in  pv  coordi¬ 

nates.  1)  Combustion  chamber; 
2)  engine  nozzle;  3)  fuel  de- 
llyeryj  4)  removal  of  heat  to 
surroundl^  medium;  3)  atmos¬ 
phere  line. 


8)  the  movement  of  the  gases  in  the 
nozzle  outlet  Is  one -dimensional  and  the 
gas  flow  lines  are  parallel  to  each 
other; 

9)  all  the  heat  is  used  In  the  en¬ 
gine  with  the  exception  of  the  heat  es¬ 
caping  with  the  outgoing  gas. 

With  these  assionptlons,  the  operat¬ 
ing  cycle  of  an  Ideal  engine  consists  of  one  Isochor,  two  Isobars,  and 
one  adiabatic  line  (Fig.  3>l): 

1)  the  isochor  of  fuel  pressurization  and  feed  Into  the  coirtbus- 
tlon  chamber,  characterizing  the  processes  In  the  fuel-supply  system 
of  the  engine  (line  an  [shD ; 

2}  the  Isobar  of  fuel  combustion  In  the  engine's  chamber  (line 
nk  [hk  1; 


Fig.  3.2.  Operating  cycle 
of  an  Ideal  ZhRD  In  space 

(with  complete  expeuislon 
of  gases  In  the  nozzle), 
l)  Atmosphere  line. 
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3)  the  adiabatic  line  of  the  gases'  expansion  In  the  engine's  noz¬ 
zle  (line  kv  [kb]); 

4)  the  Isobar  of  the  heat  transfer  from  the  mass  carrier  to  the 
surrounding  medium,  representing  the  conditional  closure  of  the  operat¬ 
ing  cycle  (line  va  [bs]). 

All  the  basic  parameters  characterizing  the  work  of  one  kilogram 
of  gas  In  the  cycle  of  an  Ideal  engine  have  values  of  maximum  quantity, 
suid  the  degree  to  which  the  parameters  of  a  real  engine  approach  these 
determines  the  perfection  of  the  latter. 

The  full  useful  work  of  one  kilogram  of  gas  in  the  cycle  of  an 
Idoal  engine  Is  e:q)ressed  In  Pig.  3*1  by  the  area  of  the  shaded  dia¬ 
gram,  and  Is  stressed  analytically  thus: 

=  area  OHKe  +  area  skbm  —  area  oasM  = 


RJ, 


k 


*  l-iiikB-nv'kB. 

\p*f  J  2f 


The  full  work  of  one  kilogram  of  gas  In  the  cycle  of  an  Ideal  engine 
when  operating  In  space  with  complete  es^nslon  of  gas  In  the  nozzle 


(Pv  =  Pa  =  would  be 

kgVkg,***  (3.1) 

where  w„  Is  the  Ideal  velocity  of  gas  outflow  from  the  engine's 
chaunber  nozzle;  w_-_  is  the  maximum  Ideal  velocity  of  gas  outflow  from 

IhoIa 

the  nozzle  with  complete  expsuislon  (up  to  p^  =  O). 

The  accepted  evaluation  of  the  economy  of  a  real  engine  In  rela¬ 
tionship  to  quantity  Is  Its  operating  cycle  as  accomplished  with 
the  same  gas  pressvires  In  the  combustion  chamber  and  In  the  outlet 


*[p 

**[w 


B  =  Py  -  Pyyhhod  “  ^outlet*  J***f^Tn  “  ^tp  “  ^tpustota 
B.H  “  '*^v.l  ^  '^vykhod. Ideal 'noy  ^  '^outlet. Ideal*  ^ 


^tspace*  ^ 
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nozzle,  but  with  fuel  energy  losses  and  other  deviations  from  the  con¬ 
ditions  of  the  operation  of  an  Ideal  engine. 

The  operating  cycle  of  an  Ideal  engine  In  space  (with  complete 
expansion  of  the  gases  In  the  nozzle)  Is  shown  In  Pig.  3*2. 

The  degree  of  perfection  for  an  Ideal  gt^  Is  conventionally  eval¬ 
uated  In  terms  of  the  thermal  efficiency  which  takes  Into  considera¬ 
tion  only  the  heat  losses  In  the  fuel  due  to  the  escape  of  the  gases  to 
the  surrounding  medium,  according  to  the  second  law  of  thermodynamics. 


SECTION  2.  OPERATIMJ  CYCLE  OP  A  REAL  ENGINE 

The  operating  conditions  of  a  real  engine  differ  considerably 
from  the  operating  conditions  of  an  Ideal  engine.  In  the  operation  of 
a  real  engine  one  must  consider: 

1)  hydraulic  losses  In  the  line  during  delivery  of  liquid  fuel 
components  to  the  combustion  chamber] 

2)  the  heterogeneity  of  the  velocity  and  concentration  fields  of 
the  fuel  components  In  the  cross  sections  throughout  the  length  of  the 
combustion  chamber  as  a  result  of  their  Imperfect  atomization  and  mix¬ 
ing; 

3)  the  fuel's  heat  losses  In  the  form  of  dissociation.  Incomplete 
combustion,  and  heat  transfer  to  the  surroxmdlng  medium; 

4)  the  mass  carrier's  pressure  difference  along  the  length  of 
the  combustion  chamber  as  a  consequence  of  hydraulic  losses  and  flow 
acceleration  diorlng  heating  up; 

3)  the  complete  combustion  of  the  fuel  conqponents  In  the  nozzle 
which  were  not  fully  consumed  In  the  chamber  because  of  their  Imper¬ 
fect  atomization  and  mixing,  and  due  to  their  limited  chamber  stay  time. 

6)  the  establishment  of  a  chemical  and  energy  state  of  equilibrium 
of  the  fuel  combustion  products  as  they  flow  and  expand  In  the  nozzle; 
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7)  losses  as  a  consequence  of  the  viscosity  friction  of  the  gases, 
l.e.,  the  molecules*  friction  against  each  other  and  the  wall  of  the 
chamber; 

8)  the  Irregularity  of  the  outflow  of  gases  In  the  supercritical 
part  of  the  nozzle  and  the  nonparallelism  of  the  flow  of  gases  Into 
the  surrounding  medlimi; 

9)  The  undere^qianslon  or  overexpansion  of  the  gas  In  the  nozzle 
as  a  consequence  of  various  operating  regimes  and  external  conditions 
of  the  operation  of  the  engine,  and  other  factors. 

Because  of  this  the  operating  cycle  of  the  real  engine  differs 
from  the  cycle  of  an  Ideal  engine  (see  Pig.  3*1),  and  the  total  work 
of  one  kilogram  of  gas  In  It  Is  less  than  the  theoretically  con¬ 
ceivable  total  work  of  an  Ideal  cycle  by  the  magnitude  of  the  auxil¬ 
iary  losses  LpQt*  energy,  1.  e. , 

li  “  ^DOT*  (3*2) 

The  work  of  the  cycle  determines  the  specific  thrust  of  the 
engine.  The  greater  Is,  the  greater  the  engine 

The  magnitude  of  auxiliary  heat  losses  of  the  fuel  In  a  real  en¬ 
gine  Is  most  affected  by: 

1)  the  design  of  the  chamber’s  bvirner  cup  (the  method  of  atomiza¬ 
tion  and  mixing  of  the  fuel  components,  euid  the  type  and  distribution 
of  the  sprayers  In  the  chamber  head); 

2)  the  chemical  composition  of  the  fuel  components  and  their  re¬ 
lationship  to  each  other; 

3)  the  volume  of  the  combustion  cheunber  and  Its  shape; 

4)  the  geometrical  characteristics  of  the  nozzle  and  Its  profile; 


^^noT  ~  ^ot  ^oterya  ^loss 

H»rp  =  P  .1 

^  yn  ^specific  ^ 
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5)  the  external  operating  conditions  of  the  engine  (operation  at 
land  or  sea  level  or  at  some  altitude  above  the  earth) ,  and  other  fac¬ 
tors. 

Because  of  a  number  of  enumerated  factors  accompanying  and  com¬ 
plicating  the  operating  cycles  In  the  combustion  chamber  and  nozzle 
of  a  real  engine.  It  Is  practically  Impossible  to  precisely  define  the 
parameters  of  the  mass  carrier  even  In  the  characteristic  sections  of 
the  engine's  chamber j  therefore,  in  planning  an  engine's  design,  the 
derivation  of  a  number  of  assumptions  and  coefficients  simplifying  the 
solution  of  the  problem  Is  often  required. 

SECTION  3.  CLASSIFICATION  OF  VELOCITIES  OF  QAS  OUTFLOW  FROM  THE 
CHAMBER  NOZZLE  OF  A  ZhRD 

The  process  of  gas  outflow  from  a  chamber  nozzle  of  an  engine  Is 
characterized  by  the  magnitude  of  the  flow's  absolute  velocity  at  the 
nozzle. 

To  evolve  formulas  for  the  efficiency  of  an  engine.  It  Is  neces¬ 
sary  to  understand  the  physical  essence  of  the  conditional  concepts  of 
the  velocities  of  gas  outflow  from  an  engine  chamber  nozzle. 

In  ZhRD  theory,  the  following  distinct  gas  outflow  velocities  are 
accepted: 

1)  maximum  Ideal  w„_„j  2)  Ideal  w„  3)  theoretical  w„  4) 
true  w^*;  5)  effective  6)  critical 

Maximum  Ideal  velocity  Is  that  exhaust  velocity  which  a  gas  would 
have  In  an  Ideal  engine's  chamber  nozzle  outlet  section  with  complete 
change  of  the  available  chemical  energy  of  one  kilogram  of  fuel  Into 

'^v. t  ~  '^vykhod. teoretlcheskaya  ~  '^outlet. theoretical* 

“  ''vykhod  =  '^outlet* 

~  '^effektlvnaya  “  '^effective* 

'Sep  ~  '^kr  “  '^krltlcheskaya  “  '^critical*  ^ 


the  kinetic  energy  of  the  gas  at  an  infinitely  high  level  of  expansion, 
1  •  e  • , 


91,53 n/sec,  (3-3) 

where  kcal/kg  Is  the  lowest  calorific  value  of  the  fuel. 

The  magnitude  of  the  ideal  exhaust  velocity  is  characteristic  of 
the  fuel's  properties. 

Ideal  velocity  is  the  exhaust  velocity  which  a  gas  would  have  in 
an  ideal  engine's  chamber  nozzle  outlet  section,  assuming  adiabatic 
change  of  condition  and  allowing  for  the  counter-pressure  of  the  at¬ 
mospheric  air;  1.  e. , 

«'..H  =  91 .53  ^  [  1  -  = 

“  Vsec ,  (3.4) 

where  Is  the  thermal  efficiency  of  the  engine. 

Theoretical  velocity  is  the  exhaust  velocity  of  the  chemically 
active  gases  in  the  chamber  nozzle  outlet  of  a  real  engine,  theoreti¬ 
cally  calculated  with  regard  to  only  one  fuel  heat  loss  in  the  combus¬ 
tion  chamber  in  the  form  of  dissociation  of  gases,  and  with  the  as- 
sunqption  of  complete  chemical-  and  energy -equilibrium  Isentroplc  change 
in  the  state  of  the  products  of  combustion  in  the  chamber  nozzle,  1. e. , 


V 2^  ^,.,7',.,  1  *  j  «9l.53K7r^,  nv/sec. 


where  k  is  the  mean  value  of  the  eaqjonent  of  the  level  of  the  Isen- 
trope  equation;  and  are  the  energy  content  of  the  gases  in  the 
combustion  chamber  and  the  chamber  nozzle  outlet  section,  respectively, 
of  a  real  engine  in  kcal/kg. 


*^^K“  ^chamber*  ^  ^outlet*  ^ 
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True  velocity  is  the  mean  velocity  of  gas  outflow  In  the  chamber 
nozzle  outlet  of  a  real  engine,  usually  defined  with  the  assumption 
of  polytropic  expansion  of  the  gases  In  the  nozzle: 

a*.  =  y  2^/y,427T;= 91 .53  - 

Vsec,  (3*5) 

where  is  the  Internal  efficiency  of  the  engine. 

In  deriving  equations  for  determining  the  velocity  of  gas  outflow 
from  an  engine  chamber  nozzle,  the  following  are  disregarded: 

1)  the  velocity  at  which  fuel  components  are  Injected  Into  the 
combustion  chamber,  as  a  consequence  of  their  negligibly  small  magni¬ 
tudes  relative  to  gas  exhaust  velocity  from  the  nozzle; 

2)  the  heat  resistance  of  the  engine's  combustion  chamber  (the 
drop  In  pressure  along  the  length  of  the  chamber  because  of  the  com¬ 
bustion  products'  heating  up  and  attaining  a  movement  up  to  the  veloc- 
Ity  Wjj,*) ,  which.  If  necessary.  Is  calculated  by  a  special  coefficient 
(see  Section  13,  Chapter  VI  [sic]); 

3)  energy  loss  of  the  gas  flow  as  a  consequence  of  radially  com¬ 
posed  velocity  at  the  exit  from  the  ejjqjandlng  part  of  the  chamber  noz¬ 
zle,  which  Is  usually  also  computed  by  a  special  coefficient. 

The  velocity  w^  Is  the  summary  of  the  characteristics  of  an  en¬ 
gine's  operating  efficiency. 

In  existing  ZhRD  w^  *  2000-2500  m/aeo.  For  the  most  efficient 

chemical  fuels '  products  of  combustion,  the  possible  exhaust  velocity 
amounts  to  about  4.5  knv^sec. 

Obtaining  the  maximum  velocity  of  exit  gases  from  the  chamber  noz¬ 
zle  Is  one  of  the  basic  tasks  of  the  designer  of  an  engine. 

*[v^  -  Wchaniber*  ^ 
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The  greater  the  velocity  w^,  the  greater  the  specific  thrust  of 
the  engine  proportional  to  It,  since  =  w^g  »  O.lw^  (when  p^  =  p^) . 

Effective  velocity  Is  the  conditional  velocity  of  the  gases  behind 
the  chamber  nozzle  of  a  real  engine,  computed  In  accordance  with  the 
general  equation  for  the  thrust  of  an  engine  working  on  the  correspond¬ 
ing  operating  regime  and  flight  altitude: 


(3.6) 


l.e. , 


m/sec.*** 


(3.7) 


When  p^  =  Pg^  we  have  =  w^^  =  w^.**** 

One  may  distinguish  the  following  effective  exhaust  velocities: 

1)  at  groimd  or  sea  level  w.^  ; 

2)  In  flight  at  a  specified  altitude  w^^  jjj 

3)  diirlng  flight  In  space  w^^p.  ^.***** 

Critical  velocity  Is  the  velocity  of  gas  outflow  In  the  outlet 
of  the  engine  chamber  nozzle: 


tp. 


•V 


■|/^ RJu  —  V V  nv'^Bec. 


(3.8) 


Increase  of  velocity  w^  Is,  In  principle,  possible  by  Increasing 
parameters  Rj^,  n,  Pj/Py^  and  Some  of  these  parameters  are, 
In  practice,  extremely  limited. 

Within  the  widest  limits,  one  may  Increase  w^  by  using  fuel  of 
high  calorific  values  In  the  ZhRD,  as  well  as  fuels  whose  combustion 


*[Pa  -  Pa  "  Patmosfera  ^atmosphere*  ^ 

♦*rp  —  p  —  p  =  p  1 

•■Ti  “  n  ~  neogranlchennaya  absolute*  •' 

®^ud.n  ~  ®^udel'naya. neogranlchennaya  ~ 

“  ®^speclflc. absolute*  ^ 

**##[w  .  =  v  = 

3^  eR  ©X  •  n 

*****['^3j,n  “  '^ef.p  “  '^effektlvnaya.pustota  ~  '^effective. space* 
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products,  other  things  being  equal,  have  the  greatest  value  of  Rj^. 

The  use  of  fuels  of  high  calorific  value  to  Increase  exhaust 
velocity,  other  things  being  equal,  usually  raises  combustion  tempera¬ 
ture  and  therefore  requires  mor  Intensive  cooling  of  the  engine  cham¬ 
ber,  more  Intensive  removal  of  heat  from  the  heated  Inner  liner 
of  the  chamber,  and  the  use  of  more  expensive  heat-resistant  metals 
for  msmufacturlng  the  chamber. 

When  the  chamber  liner  has  a  high  heat  liberation  rate,  an  engine 
cooling  system  which  Is  more  complicated  In  construction,  relatively 
e3q)enslve,  and  less  economical  may  be  required. 

Increase  of  gas  exhaust  velocity  by  raising  pressure  In  the  com¬ 
bustion  chamber  above  a  determined  limit,  different  for  every  type  of 
engine.  Is  limited  In  practice  because  of  the  Increase  of  engine 
weight  and  the  difficulties  of  cooling  the  chamber. 

Increasing  w^  by  decreasing  gas  pressure  p^  at  the  outlet  from 
the  engine  nozzle  Is  also.  In  practice,  limited  by  the  tactical  pur¬ 
pose  of  the  weapon,  engine  operating  conditions  relative  to  the  sur¬ 
rounding  medliim,  and  other  factors. 

In  existing  engines,  pressure  difference  In  the  nozzle  amounts 
to  Pj/Py  *  16-60  8uid  more.  Further  Increase  of  the  Initial  gas  pres- 
svire  In  the  combustion  chamber  leads  to  a  compeu^atlvely  small  Increase 
of  exhaust  velocity  but.  In  return,  to  a  more  considerable  Increase  of 
the  specific  weight  of  the  engine.  Therefore,  one  may  scarcely  ejqpect 
that  from  the  economic  point  of  view  a  pressure  above  6O-IOO  atmospheres 
absolute  would  be  used  In  the  combustion  chamber.  Sy  decrease  of  the 
gas  pressure  In  the  engine  nozzle  outlet,  the  blastoff  thrust  of  the 
engine  Is  lowered  and  nozzle  weight  Is  Increased,  so  that  decreasing 
pressure  Is,  In  each  separate  case,  held  within  fixed  limits. 
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SECTION  4.  ENGINE  EPPICIENCIES 

The  accepted  definition  of  efficiency  Is  the  degree  of  perfection, 
in  a  ZhRD,  of  the  change  of  the  chemical  energy  of  the  fuel  Into  the 
kinetic  energy  of  the  combustion  products  at  the  outlet  from  the  cham¬ 
ber  nozzle:  thermal  efficiency  Internal  efficiency  relative 
efficiency  mechanical  efficiency  and  effective  efficiency 

Besides  this,  there  are  additional  efficiencies  which  have  been  ac¬ 
cepted  to  define  the  engine’s  work  during  the  missile's  flight:  thrust 
efficiency  T)p  and  total  efficiency 

Thermal  efficiency  of  the  engine  shows  what  part  of  the  avail¬ 
able  chemical  energy  of  the  fuel  fed  to  the  combustion  chamber  would  be 
changed  to  the  kinetic  energy  of  the  gases  at  the  outlet  from  the 
chamber  nozzle  in  case  of  an  ideal  ZhRD,  i.e.. 


( 


i.e. , 


(3.9) 


Consequently,  v^en  detennining  em  engine’s  thermal  efficiency, 
only  the  heat  loss  of  the  working  fluid  as  stated  in  the  second  law  of 
thermodynamics  is  considered. 

The  value  of  depends  on  the  expansion  level  Pj^/p^  of  the  gases 
in  the  nozzle  and  the  adiabatic  exponent  k  (depending  on  the  type  of 
fuel). 


\  %tnosltel'nyy  Relative* 
^06“  ^ob  “  ^obshchly  “  \otal*  ^ 
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Pig*  3*  3*  Thermal  efficiency 
of  an  engine,  as  a  function  of 
and  k. 

In  practice,  different  fuels  at  the  same  conditions  have  dif¬ 
ferent  speeds  of  combustion  and  recombination,  which  are  differentiated 
by  the  composition  of  the  gases,  their  specific  heat,  and,  consequently, 
by  the  magnitude  of  k. 

In  Table  3*1  and  in  Pig.  3*3  the  values  of  when  p^  =  1  atm-abs 
and  at  various  magnitudes  of  pj^  and  k  8a*e  shown.  The  data  in  the  table 
and  the  curves  of  Pig.  3*3  show  that  when  Pj^  is  Increased,  the  value 
of  Tj^,  at  first,  grows  rapidly  (in  direct  proportion  to  k) ,  and  then 

slower,  and  at  about  200  atm-abs  becomes  almost  constant. 

Consequently,  to  obtain  the  greatest  value  of  it  is  necessary 
for  the  engine  to  operate  at  the  highest  possible  Pj^,  and  also  using  a 
fuel  whose  combustion  products  have  the  greatest  possible  specific 
heat  ratio  (Jc  *  Cp/Cy)** 

With  a  rise  in  Pj^  the  pressure  difference  Pj^/p^  in  the  nozzle  is 
Increased  and  the  operating  cycle  in  the  engine  is  intensified,  ba¬ 
sically  by  decreasing  the  dissociation  of  the  gases  in  the  combustion 
chamber.  In  some  cases  an  Increase  of  p^^  to  100  atm-abs  may  be  Justi¬ 
fied  for  decreasing  the  dimensions  and  weight  of  the  engine  chamber. 

•[The  specific  heat  ratio  Jj,  not  to  be  confused  with  the  adiabatic  ex¬ 
ponent  k  Just  mentioned.  The  specific  heat  ratio  is  a  Russian  lower¬ 
case  italic  letter.  ] 
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TABLE  3.1 

Values  of  Depending  on  Pj^  and  k  when  p^  = 


=  1  Atmosphere  Absolute 


N.  /»//>« 

* 

,1/5 

1/10 

1/20 

1/50 

1/100 

1/200 

1.0 

0 

0 

.  0 

0 

0 

0 

I, OS 

0.074 

0.104 

0,133 

0,150 

0,197 

0,223 

1.10 

0,136 

0,189 

0,238 

0,299 

0,342 

0,382 

1.15 

0.189 

0.259 

0,323 

0,400 

0,451 

0.499 

1.18 

0,218 

0,196 

0,367 

0,449 

0,505 

0,554 

1.20 

0.232 

0,319 

0,393 

0,479 

0,536 

0,586 

1.80 

0,310 

0.412 

0,449 

0,595 

0,654 

0,7C6 

1,40 

0.369 

0,482 

0,575 

0,673 

0,732 

0,780 

i.so 

0.415 

0.536 

0,632 

0,729 

0,785 

0.829 

1.60 

0,453 

0.578 

0,675 

0,769 

0,822 

0,863 

1,70 

0.482 

0,613 

0.709 

0.800 

0,850 

0,887 

If  the  engine  operates  with  underexpansion  of  the  gases  In  the 
nozzle  (p^  >  Pg^) ,  In  this  case  the  thermal  efficiency  Is  expressed  by 
the  formula 


»  (3.10) 

where  Is  the  factor  of  completeness  of  gas  expamslon  In  the  noz¬ 
zle  relative  to  atmospheric  pressure: 


^„,==hzlJL>IPr<)  * . 

»-i 

i-lPtIPu)  * 


here  p^  Is  the  pressure  In  the  outlet  of  the  engine  nozzle  with  under- 
expansion  of  the  gases  (p„  >  p„);  eind  p_  Is  the  pressure  of  the  atmos- 
pherlc  air. 

Existing  engines  have  a  *  0.40-0.70. 

The  Internal  efficiency  of  an  engine  shows  what  part  of  the  avail¬ 
able  chemical  energy  of  the  fuel  fed  to  the  combustion  chamber  of  a 


t 

if 


^[9 


Hea 


HejB 


~  “^ned  “  '^’nedorasshlrenlye  ‘'^underexpanslon* 
~  ’^underexpanslon*  ^ 
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real  engine  is  tijrned  Into  kinetic  energy  of  the  gases  In  the  outlet 
from  the  nozzle,  l.e.. 


% 


-Ai _ 

"^27  wlj2g  u.«;  • 


(3.11) 


When  ^  the  value  of  must  be  replaced  by  the  value  of  Wg^.. 
Since  when  p„  =  p_  the  absolute  thrust  of  the  engine  chamber  Is 

V  fit 

P  *  Og/gCWy)*  from  which  w^  «  S^/%  m/sec, 

then 


_y,i^i  Os) 

W  u  /kf)n  t» 


Since  = 


//,427 


P* 


87.05//, 


=  0,01 15 -Jl. 


(3.12) 


If  P  and  Qg  have  been  measured  during  the  engine's  trials  on  a  test 
stand,  It  Is  possible  to  compute  and  w^  extremely  precisely  by  the 
latter  equation. 

Existing  engines  have  an  »  0.30-0. 50. 

Relative  efficiency  of  an  engine  shows  the  degree  of  deviation  of 
the  operating  cycle  In  the  cheunber  of  a  real  engine  from  the  operating 
cycle  In  the  chamber  of  an  Ideal  engine,  1.  e. , 


^\2g  ^  (3.13) 

U  7/.J27V  V  ‘ 

This  efficiency  considers  the  losses  of  fuel  energy  In  a  real  en¬ 
gine  which  are  conditional  upon  the  physical  Incompleteness  of  fuel 
combustion  as  a  result  of  Imperfect  mixing  of  Its  components  and  Inade¬ 
quate  speed  of  combustion  and  recombination  of  gases  during  e:^anslon 
In  the  nozzle,  as  well  as  losses  caused  by  the  energetic  Instability  of 
outflow  of  gases  from  the  nozzle  and  the  nonadlabatlc  character  of  the 
process  (heat  transfer  to  the  surrounding  medl\im  and  heat  transfer 
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'  1)  e,»/e  *ii 

Pig.  Factors 

and  Tj^  dependent  on 

Qg  of  an  engine, 

with  unchanging  val¬ 
ues  of  Vj^  and  Pj^^. 

1)  Gqj  kg/sec. 


to  the  liner  as  a  result  of  friction  and 
radiation) . 

Existing  engines  (the  "Vanguard"  missile 
and  others)  have  a  *  0.65-0.90. 

By  raising  Pj^,  the  values  of  and 
are  Increased  by  Increasing  the  fuel's  heat 
liberation  coefficient  q)^.  Increeuae  of  Pj^  by 
Increasing  G„  without  changing  the  dimensions 
of  the  combustion  chamber  and  nozzle  of  the 
engine  leads  at  first  to  an  Increase  of  and 


tJq  because  the  operating  regime  Is  close  to  the  optimum  regime  In  re¬ 
gard  to  flow  rate  of  the  fuel  in  a  given  combustion  chamber's  volume, 

and  then  to  their  decrease  as  a  consequence  of  the  discrepancy  of  the 
volxmie  of  the  combustion  chamber  to  the  ever-lncreaslng  fuel  flow 
rate  per  second  and  the  decrease  of  qpj^.  by  this  means  (Pig.  3»^)- 
Mechanical  efficiency  of  an  engine  considers  the  decrease  of  the 
Internal  efficiency  of  the  engine  caused  by  possible  additional  flow 
rates  In  serving  the  fuel-feeder  system  and  In  forming  the  protective 
curtain  around  the  surface  of  the  burner  liner. 

When  p_  =  Po,*  the  specific  thrust  may  be  e^ressed  as  follows: 

1)  combustion  chamber: 

p  ^  91,53 kg  thrust  . 

o,  f  g  kg  fuel/sec^ 

2)  engine  as  a  whole: 

«  -  kg  thrust 

kg  fuel/sec  ^ 

where  0^  Is  the  total  flow  rate  In  the  engine  In  kg/sec. 

The  absolute  thrust  of  an  engine  with  a  TNA  may  be  greater  than 


*[Pc  -  Ps  Pslstema  ^system 


.3 
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Pig*  3*5*  Engine  ef¬ 
ficiency 

Tig,  and  Tij^  depending 
on  Pj^.  l)  Atmosphere 
absolute. 


the  thrust  of  an  engine  without  a  if  the 

gases  which  have  worked  In  the  turbine,  flow¬ 
ing  out  Into  the  surrounding  medium,  create 
an  additional  thrust  or  ave  burned  In 

the  basic  chamber  or  an  auxiliary  engine 
chamber. 

Having  divided  the  expz*e88lon  mentioned 
above  for  ^  Into  the  expression  for 
we  will  obtain  a  formula  for  co]ig>utatlon  of 
the  mechanical  efficiency  of  an  engine,  l.e. , 


whence 


a  o  -if—  a  1  kg  thrust 

I "  1  ^  kg  fuel/seo' 


(3.14) 


or  when  Pj  =  Pj^#  w«  will  obtain 

p  P  1  kg  thrust 
y*i“  yt.«  1 4.  kg  fuel/ sec  * 

where  Cgg  =  *  ^^^k'  ^p^*  relative  fuel  consumption  In 

serving  the  fuel-feed  system  (gas  generator)  of  the  engine. 

In  existing  engines  with  turbopump  units  we  have: 

1)  In  missile  engines  *  0.015-0.030; 

2)  In  aircraft  engines  C  *  0.050-0. 060, 

For  existing  missile  engines  feeding  the  turbine  of  the  turbopusQ) 
unit  with  gas  vapor  from  60^  hydrogen  peroxide  or  fuel  combustion 
pi?oduots  removed  fz*om  the  engine  combustion  chamber  (the  "Atlas”  mls- 


r 


*[?rr  “  ^gg  ~  ^gazogenerator  “  ^gas  generator' 
"  Apodacha  “  ^f eed*  ^ 
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■lie  and  others)  »  0.97-0. 98. 

By  raising  the  value  of  Is  decreased  almost  in  accordance 
with  the  linear  law  (Pig.  3. 5)«  The  more  effective  an  engine's  fuel- 
feed  system  Is,  the  greater  Its 

In  engines  with  a  closed  system  for  cooling  and  feeding  the  tur¬ 
bine  *  1*  since  the  expenditure  of  energy  in  starting  the  circula¬ 
tion  pump  of  this  system  Is  negligibly  small.  For  engines  supplied  by 
means  of  a  whose  0^  0,  nominally  ^  However,  In  comparing 

the  effectiveness  of  operation  of  these  engines  with  a  Zhgg  having  a 
turbopuap  unit,  one  should  not  lose  sight  of  the  preliminary  expendi¬ 
ture  of  energy  In  obtaining  the  compressed  gas  for  the  fuel-feed 
system. 

Ihe  effective  efficiency  of  an  engine  shows  what  part  of  the 
available  chemical  energy  of  the  total  flow  rate  in  a  real  engine  Is 
tuzmed  Into  the  kinetic  enex^y  of  gases  as  a  result  of  which  thrust 
force  Is  developed,*  l.e. , 

(3.15) 

nils  efficiency  may  be  expressed  as  follows: 


wl/2g 


427 


(//.  +  //;C,r)427 


(3.15') 


If  the  same  fuel  which  Is  e3q;>ended  in  the  cosibustion  chamber  of 
the  engine  Is  used  to  start  the  turbopuisp  unit,  and 


from  whence 


^J2g 


I+Cit’ 


tr,=K2y>/.427(H.Vr)nr  m/sec. 

Some  engines  have  a  equal  to  zero,  and,  consequently  «  t)^. 
Existing  engines  have  a  *  0.23-0.45  and  over. 

In  a  number  of  ZhRD  now  manufactured,  80^  hydrogen  peroxide  Is 
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Bonetlmes  used  to  start  the  TNA. 

For  an  engine  In  flight,  the  effective  efficiency  must  be  deter¬ 
mined  by  consideration  of  the  kinetic  energy  of  the  basic  and  auxiliary 
fuels  which  are  moving  with  the  weapon  at  a  velocity  V  In  m/sec,  using 
the  formula 

«^+V* 

+  //;Crr)427  +  V^(l  +  Crr)  '  ^ ^ 

If  the  nu  operates  on  the  basic  fuel,  \  and  therefore 


_ ’’U+'”  (3.16') 

2^(//.427+— )(1  +C„) 

With  a  heat  value  of  the  fuel  of  the  oz*der  of  »  2000  kcal/kg 
and  a  flight  velocity  =  3000  m/sec*  (M  »  lO)  the  kinetic  energy 
of  the  fuel  amounts  to  about  50^  of  Its  heating  value.  One  may  not 
disregard  such  a  quantity  of  energy. 

Ihe  thrust  efficiency  of  an  engine  shows  what  part  of  the  avail¬ 
able  kinetic  energy  of  the  gases  In  the  chasiber  nozzle  of  a  z^al  en¬ 
gine  Is  used  during  the  flight  of  a  weapon,  l.e. , 


i»ifiiw.nai 


Py^V 


r  +  ^1 


"  *’»♦  y,  "«4+  V»"l+(K/w^)*’ 

t  2r 

*^^KOH  *  ^kon  "  ^konets  “  ^end*  ^ 

KHH.Hcn^  ^^n.lsp  “  ^^netlcheskaya.lspolzovat *Bya 
^^netlc.used^ 

^KXR.  pacn’^  ^Vln.rasp  ‘  ^Iclnetlcheskaya.  raspolagaemaya 
kinetic .  available  ^ 

^KXK.Hexcn*^  ^In.nelsp  ^^netlcheskaya. nelspolzovat 'sya 
^^netlc.not  used*  ^ 


(3.17) 
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When  V/Wg^  -  0,  iip  »  0;  when  *  V,  tip  -  1, 

l.e.  >  It  attains  the  maxlnnun  when  w^^  »  0 

relative  to  the  earth,  and  when  V/w^^  >  it 

Is  decreased  (Fig.  3*6). 

Fig.  3.6.  ihrust  ef-  . 

flclency  of  an  en-  A-4  long-range  missile,  with  a 

glne  Tjp  depending  on  flight  velocity  at  the  end  of  the  boost  phase 
the  relationship  of 

velocities  V/w^^.  \on  “  ^525  m/sec,  and  a  velocity  w^^  -  2135 

a/sec  had  an  T)p  0.9^. 

The  total  efficiency  of  an  engine  shows  what  part  of  the  avail¬ 
able  energy  of  the  total  flow  rate  In  a  real  11 quid -propellant  rocket 
engine  Is  usefully  utilized  during  the  weapon's  flight,  1. e. , 

(3.18) 


The  magnitude  of  the  specific  thrust  of  the  engine  Is  used  for 
evaluation  and  compazd-son  between  the  work  of  different  liquid-fueled 
rocket  engines. 

In  the  theoretical  calculation  of  efficiency  and  specific  thz*ust 
of  an  engine.  It  is  necessary  to  know  the  precise  values  of  the  heats 
of  reaction  and  phase  transitions,  specific  heat,  and  the  constant  of 
eqzilllbrlum  of  the  combustion  products  of  the  given  fuel. 

The  values  of  all  the  above-mentioned  efficiencies  of  an  engine 
depend,  to  a  considerable  degree,  on  the  type  of  fuel  used.  It  follows 
that  one  must  keep  In  mind  that  for  a  ZhKD  not  the  effective  effi¬ 
ciency  T]^,  but  the  specific  thrust,  determined  by  the  effective  out¬ 
flow  velocity.  Is  distinctive,  since  oases  are  possible  when  by  dilu¬ 
tion  of  the  fuel  mixture  with  water  and  lowering  Its  heating  value.  It 
Is  possible  to  raise  even  or  t)^,  and,  consequently,  even  at  the 
sane  time  lowering  w  Therefore  the  best  engine  Is  rx>t  the  one  which 


*  %bshch  "  %b8hchly  “  ’^total*  ^ 
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Is  more  economloal  In  using  the  available  heat,  but  the  one  which  de¬ 
velops  the  greatest  specific  thrust. 

For  this  reason,  efficiency  values  may  be  used  only  for  compara¬ 
tive  evaluation  of  a  SfliRD.  operating  on  the  same  fuel  and  at  Identical 
combustion  conditions  or  In  the  operation  of  a  given  engine  with  vari¬ 
ous  flight  speeds. 

Exanggle  1.  An  engine  develops  a  thrust  P  -  908  kg  at  a  flow  rate 
“  4.86  kg/sec  and  -  I665  kcal/kg.  * 

Flight  speed  of  missile  V  »  1285  m/sec. 

Detsmlne  w,,.  Up.  lob^ioh'  ''ud' 

Solution. 

1.  Effective  velocity  of  gas  outflow 


gP  9,81-908 

•  —  ~  ^  >840  m/sec. 

•  O,  4,86 

2.  Kinetic  energy  of  1  kg  of  gases  behind  the  engine  nozzle 

9 


1840* 


. _ /. _ 


3.  Engine  efficiency t 
a)  Inteimal 

1840S;2,9-8l  7,2- 10» 

H,427  "  1665-427  "  1665-427  *®’*^* 


24,2k; 


b)  thrust 


c)  total 


v- 


Hi) 


.1285 

>840  . 

1285\*  "®'8^*“87,5K; 


PV 


!r 

2(1285/1640) 


-i-um 

M42^Vi840/ 


-- 0,0936 -9,36K. 


*D.  Satton  [probably  Oeorge  Sutton],  Rocket  Engines,  XL,  1950. 
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4.  Speolflo  thmiit 


«  _*!!?♦. -IM- 10,  IcK  thnift 

5.  Speolflo  fuel  consiimptlon 

“ud  ■  V*'  -  *-86/908  -  0.00535-‘^^gV;««,.  . 


-  OK  kg  fuel/»eo 
tong  of  tiuniit* 


SECTION  5.  CHANGE  OP  WORKING  FLUID'S  BASIC  PARAMETERS  ALONG  THE 
CHAMBER  LENGTH  OF  A  ZhRD 

In  the  operating  cycle  in  a  the  state  of  the  mass  carrier 

(fuel  and  combustion  products)  Is  changed  during  Its  movement  along 
the  combustion  chamber  and  nozzle.  By  this  means,  the  change  of  the 
mass  carrier's  parameters  (pressure,  temperature,  velocity,  and  others) 
along  the  length  of  the  engine  chamber  Is  conditional  upon  the  charac¬ 
ter  of  the  operating  cycle  occurring  In  the  chamber. 

In  the  majority  of  existing  ZhRD  fuel  components  are  fed  from  the 
tanks  to  the  oombustlon  ohamher  under  a  pressure  .  20-60  atm  abs 
or  above  (Pig.  3.7). 

The  pressure  of  the  fuel  components  In  the  cooling  Jacket  and  In 
the  Injectors  In  the  engine  chamber  head  Is  decreased  to  approximately 
10-18  atm  abs  as  a  consequence  of  the  Increase  of  the  velocity  of 
their  outflow  and  the  hydraulic  resistances  In  the  lines  and  In  the 
burner  cup. 

Directly  along  the  length  of  the  combustion  chamber,  gas-flow 
pressure  Is  slowly  decreased  as  the  result  of  losses  by  friction 
against  the  surface  of  the  liner  and  the  Increase  of  the  velocity  of 
movement  under  the  Influence  of  the  Inflow  of  the  compressed  fuel's 
heat  (and  sometimes  also  by  the  change  In  the  cross  section  of 
the  combustion  chamber  along  Its  length).  Decrease  of  gas  pressure 
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along  the  length  of  an  ordinary  cylin¬ 
drical  combustion  chamber  Is  Insignifi¬ 
cant. 

Decrease  of  gas  pressiire  at  the  end 
of  a  cylindrical  combustion  chamber  usu¬ 
ally  does  not  exceed  0.5-1/^  of  the  pres- 

Pig.  3* 7*  Picture  of 

chauige  of  basic  param-  sure  at  the  chamber  head.  Therefore,  In 

eters  of  mass  carrier 

(working  fluid)  along  the  calculating  the  pressure  difference  of 
length  of  a  real  engine's 

chamber.  1)  Length  of  the  gases  In  the  combustion  chamber  one 

chamber. 

may  accept  It  as  constant,  and  consider 
the  combustion  chamber  as  an  Isobarlc  chamber.  If  fj^  =  ^  5-6. 

In  the  engine  nozzle,  gas-flow  pressure  Is  considerably  decreased, 
since  here  the  geometrical  Influence  on  the  flow  takes  place,  and  at 
the  outlet  from  the  chamber  to  the  atmosphere  It  ordinarily  amoxonts  to 
0.6-1. 2  atm  abs. 

Pressure  at  a  cross  section  of  the  chamber  nozzle  Is  established 
by  considering  the  external  conditions  of  the  engine's  use,  and  there¬ 
fore  must  be  different  for  engines  of  different  designations. 

The  temperature  of  the  fuel  components  fed  from  the  tanks  to  the 
engine  combustion  chamber  (liquid  under  normal  physical  conditions)  Is 
practically  equal  to  the  temperattire  of  the  surrounding  medium. 

If  a  fuel  component  Is  used  for  cooling  the  combustion  chamber 
and  nozzle  of  the  engine,  by  this  means  It  Is  ordinarily  heated  up  by 
50-100°C  or  more,  but  not  higher  than  Its  boiling  temperature  at  the 
given  local  pressure  In  the  cooling  duct. 

The  fuel  components  Injected  Into  the  combustion  chamber  are,  at 
first,  heated  up  by  means  of  the  combustion  heat  of  the  previous  por¬ 
tions  of  the  fuel,  are  vaporized,  and  then  by  means  of  mixing  with 
each  other  are  Ignited  and  burn. 
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The  temperature  of  the  gases  In  the  zone  where  the  fuel  Is  pre¬ 
pared  for  combustion  remains  almost  constant.  Increases  sharply  in  the 
combustion  zone,  £uid  decreases  during  the  gases'  e:^anslon  in  the  noz¬ 
zle.  Temperature  at  the  combustion  chamber  head  ordinarily  amounts  to 
600-900®C.  In  the  presence  of  prechamber  vaporization  of  the  fuel  com¬ 
ponents,  this  temperatiire  is  higher. 

Temperattare  of  the  gases  at  the  end  of  the  combustion  chamber  (be¬ 
fore  the  nozzle)  amounts  to  2800-3300^0,  and  in  the  outlet  section  of 
the  nozzle,  1000-2000°C.  These  temperatures  considerably  exceed  the 
melting  temperature  of  the  materials  of  the  chamber's  Inner  liner, 
which  creates  the  necessity  of  cooling  it  reliably. 

Injection  velocity  of  the  fuel  components  into  the  combus¬ 

tion  chamber  depends  chiefly  on  the  feed  pressxare,  design  of  the  vapor¬ 
izing  unit,  pressure  in  the  combustion  chamber,  and  other  factors,  and 
usually  varies  from  20  to  4o  m/sec. 

The  velocity  of  the  gases  grows  slowly  along  the  length  of  the 
combustion  chamber  and  is  sharply  increased  in  the  engine  nozzle. 

In  combustion  chambers,  *  50-200  ni/sec,  and  w^  *  2000  to 

2500  iVsec. 

As  a  consequence  of  the  considerable  turbulence  of  the  gas  flow 
and  the  extremely  uneven  distribution  of  the  gas-flow  velocities  in  all 
sections  of  the  combustion  chamber  and  nozzle,  one  may  speak  only  of 
the  average  parameters  of  the  working  fluid,  somewhat  different  from 
their  true  values. 

One  must  also  keep  in  mind  that  the  computed  values  of  the  param¬ 
eters  of  the  mass  carrier  in  the  characteristic  sections  of  the  com¬ 
bustion  chamber  and  nozzle  of  the  engine  as  mentioned  above  are  approx- 

*^'Bnp  ~  '^vpr  ~  *^vprysk  ~  '^injection'  ^ 
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imate;  in  each  Individual  caae,  it  is  necessary  to  determine  them 
either  by  calculations  or  experimentally  (the  latter  method  is  suit¬ 
able  for  existing  engines). 

SECTION  6.  EQUATIONS  CHARACTERIZINQ  THE  QUANTITATIVE  RELATIONSHIPS  IN  THE 
CHANGE  OP  GAS-PLOW  PARAMETERS  ALONG  THE  LENGTH  OP  THE  ZhRD 
NOZZLE  - 

In  planning  and  designing  a  ZMD,  one  must  know  the  quantitative 
relationships  in  the  change  of  gas-flow  parameters  (pressure,  tem¬ 
perature,  velocity,  etc.)  along  the  length  of  the  combustion  chamber 
and  nozzle. 

The  connections  between  the  temperatures  of  the  gas  flow  in  varl- 
o\is  sections  of  the  engine  chamber,  on  the  one  hand,  and  velocities, 
pressvires,  and  densities  of  this  flow,  on  the  other  hand,  may  be  ex¬ 
pressed  by  the  corresponding  equations  of  gas  dynamics.  In  using  these 
equations,  we  usually  make  the  assianption  that  temperatures,  veloc¬ 
ities,  and  pressxires  of  the  gases  in  the  sections  of  the  flow  channel 
being  studied  are  the  same.  These  assumptions  are  actually  valid 
only  for  the  nozzle  portion  of  the  engine  chamber,  and  are  completely 
inapplicable  to  the  operating  conditions  of  the  combustion  chamber, 
where  the  cheu’acterlstlcs  of  the  working  fluid  are  extremely  change¬ 
able,  and  do  not  lend  themselves  to  precise  quantitative  analysis. 

The  parameters  of  the  gas  flow  in  the  chamber  of  a  ZhRD  are 
changed  as  a  consequence  of: 

1)  geometrical  influence  on  the  flow,  l.e.,  changes  in  the 
cross  section  of  the  channel  for  the  gas  flow; 

2)  heat  Influence  on  the  flow,  l.e.,  transfer  of  heat  from  the 
gas  flow  to  vaporization  of  fuel  components,  to  the  sxirroundlng  inedi\mi, 
and  as  a  result  of  the  dissociation  of  fuel  combustion  products,  as 
well  as  the  feeding  of  heat  to  the  gas  flow  as  the  result  of  fuel  com- 
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bustion  suid  recombination  of  the  products  of  gas  dissociation; 

3)  flow-rate  Influence  on  the  stream,  l.e.,  Increase  of  the  quan¬ 
tity  of  gas  per  second  as  the  result  of  vaporization  and  combustion  of 
fuel  components  (the  presence  of  the  smallest  liquid  particles  of  the 
fuel  In  the  gas  flow  may  be  disregarded  because  of  their  relatively 
trifling  amount) ,  and 

4)  chemical  Influence  on  the  flow,  l.e.,  change  of  the  number  of 
moles  per  unit  mass  In  the  gas  stream  resulting  from  the  chemical 
reactions  occurring  (fuel  combustion,  dissociation,  and  recombination 
of  the  gas  molecules). 

The  Intensity  of  the  above-enumerated  Influences  on  the  gas  flow 
In  a  Is  diverse  and  Its  quantitative  calculation  Is  extremely 

difficult . 

The  velocity  of  the  gas  flow  In  the  engine  Is  Increased  basically 
because  of  geometrical  Influence.  In  the  combustion  chamber  the  gas 
velocity  Is  Increased  chiefly  by  means  of  heat  and  chemical  Influences. 
However,  the  latter  lead  to  a  considerable  Increase  of  the  velocity  of 
the  gas  flow  only  In  a  high-speed  engine  combustion  chamber,  where 
the  relative  area  f <  3*  The  requirement  for  such  a  high-speed  com¬ 
bustion  chamber  practically  never  arises. 

Plow-rate  Influence  on  the  gas  stream  In  a  ZhRD  nozzle  Is  even 
less  significant. 

Since,  In  the  combustion  chambers  of  conventional  engines,  f^^  >  4, 
and,  therefore,  the  velocity  of  the  gas  flow  at  the  outlet  to  the  noz¬ 
zle  Is  comparatively  small.  In  calculations  of  a  ZhRD  Its  value  may  be 
accepted  as  equal  to  zero.  This  assumption  permits  the  determination 
of  the  parameters  of  the  gas  flow  at  the  outlet  from  the  combustion 
chamber  to  the  nozzle  only  on  the  basis  of  the  data  of  the  thermody¬ 
namic  calculations  of  the  engine.  In  those  cases  when  this  gas  velocity 

-  86  - 


cannot  be  disregarded.  Its  value  may  be  determined  after  the  thermody¬ 
namic  calculation  of  the  fuel  combustion  process. 

When  designing  a  one  ordinarily  computes  the  quantitative 

relationships  of  the  geometrical  Influence  on  the  gas  flow  in  the  noz¬ 
zle,  the  effect  of  the  other  influences  on  the  gas  being  thus  calcu¬ 
lated  by  using  the  polytropic  exponent  n  or  by  other  parameters  on  the 
basis  of  the  principles  of  technical  thermodymunlcs  and  gasdynamlcs. 

The  quantitative  relationships  of  geometrical  influence  on  the 
gas  flow  may  be  most  easily  obtained  in  the  form  of  the  dependences  of 
the  separate  gas  parameters  on  the  velocity  regime,  1. e. ,  on  the  Mach 
number  (N  ■  w/a,  where  w  is  the  velocity  of  the  stream  and  a  the  local 
speed  of  sound). 

The  velocity  regime  of  an  adiabatic  gas -stream  current  in  the 
geometrical  nozzle  of  an  engine  may  be  e:q>res8ed  as  follows: 

a)  at  the  entrance  to  the  chamber  nozzle 

(3.19) 

b)  in  any  nozzle  cross  section 


m 


V*T 


(3.19') 


with  RT  =  pv  =  p/y  =  p/gp. 

For  a  subsonic  flow  M  <  1,  for  a  supersonic  flow  M  >  1,  and  when 
w  =  a,  M  =  1. 

In  the  presence  of  an  adiabatic  current,  the  tempera tux*e  of  a 
completely  decelerated  gas  flow  in  any  cross  section  at  all  In  a  com¬ 
bustion  chamber  and  nozzle  of  the  engine  remains  the  same,  l.e.. 


* const, * 

2r«* 


(3.20) 


where  T  and  jjr  are,  respectively,  the  true  teoqperature  and  velocity 

“  ^^dln  ~  ^^dlnamlcheskly  “  ^^dynaralc’  ^ 
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of  the  gas  flow  before  deceleration;  and  Is  the  dynamic  Increase 

of  the  tengseratvire  as  a  consequence  of  the  deceleration  of  the  gas 
flow,  attaining  a  considerable  magnitude  at  velocities  close  to  the 
speed  of  soxind  (for  exsunple,  with  a  velocity  w  =  10  m/aec,  = 

=  0.05°C;  when  w  =  100  m/aec,  =  5»0®C,  and  when  w  =  350  m/sec, 

^^din  =  6°°0) . 


Since  from  the  equation  of  state  for  1  kg  of  gas 


E3q)resslon  (3*20)  may  be  given  the  form 

— 7-(i+^m*).  (3.20') 

k  ' 

f 

We  obtain  an  analogous  expression  for  the  teo^erature  of  the  adia¬ 
batic  deceleration  of  the  gas  flow  In  the  Inlet  section  of  the  engine 
nozzle; 


Miy  (3.20”) 

tdiere  Is  the  true  temperature  of  the  gas  flow  at  the  entrance  to 
the  nozzle  with  a  velocity  Wj^. 

Slnce^  In  existing  engines,  gas  velocity  w^^  at  the  entrance  to  the 
nozzle  Is  about  60-200  m/sec,  one  may  assume  that  the  values 
of  the  true  temperature  T'j^  and  the  tempera tiu’e  Tj^  determined  by  the 
thermodynamic  calculation  of  the  engine,  and  the  temperature  T*j^  of 
the  adiabatic  deceleration  of  the  gas  flow  (corresponding  to  w^  =  O) 
differ  very  little  In  practice. 

fiy  comparing  the  right-hand  parts  of  Eqs.  (3*20")  and  (3*20'),  we 
learn  the  relationship  of  the  true  temperatiires  of  the  gas  flow  for 
any  two  sections  of  the  engine  nozzle  being  studied: 


(3.21) 
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I*.  ^ 

B 


I 

i 

I 


C 


£ 


Since,  for  these  nozzle  sections  In  the  presence  of  an  adiabatic 
gas  flow,  the  temperatures  are  associated  with  the  pressures  and  den¬ 
sities  by  the  well-known  equations 


from  which 


T  \*-» 


I 

j=r 


then  Eq.  (3*21)  may  be  given  the  form 


* 


and 


(3.21') 

Analogously,  one  may  obtain  the  relationships  of  the  gas-flow 
parameters  for  the  critical,  outlet,  or  any  of  the  cross  sections 
of  the  engine  nozzle. 

If  the  velocity  Wj^  of  the  gas  flow  at  the  outlet  to  the  nozzle  Is 
practically  negligible,  and  therefore  one  may  accept  =  0,  Eqs. 
(3-21)  and  (3.21')  take  the  form 

T/T'^  .  T/T^  =  (p/p^)‘'-Vlc  =  i/[i  +  (u_  i)/2m2], 

from  which 
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Kt.)  (.i  +  i^«.j 


(3.21") 


Applying  these  expressions  to  the  critical  section  of  the  nozzle, 
l.e.,  using  M  =  =  1  In  them,  we  will  obtain,  accordingly, 

»  I 

^  2  .  ^  /  2  and  >«p  2 

For  the  combustion  products  of  a  having  a  power  of  jj  =  1.2, 
we  find  pj^  =  0.56  Pj^j  Tj^  =  0.909Tj^,  and  pj^  =  0.621pj^. 

The  pressure  of  the  adlabatically  decelerated  gas  flow  In  any  of 
the  cross  sections  In  the  engine  nozzle  Is  determined  by  the  adia¬ 
batic  dependence  of  the  gas's  parameters,  as  well  known  from  the  tech¬ 
niques  of  thermodynamics: 


atm  abs. 


where  jg  and  T  are  the  static  absolute  pressure  and  the  corresponding 
tenperatxire  In  any  nozzle  cross  section. 

The  Introduction  Into  theory  of  the  concepts  of  the  param¬ 

eters  of  adiabatic  gas  deceleration  considerably  simplifies  calcula¬ 
tions  In  a  nvunber  of  cases,  since  by  this  means  the  necessity  of  con¬ 
sidering  the  change  of  the  kinetic  energy  of  the  gas  flow  along  the 
length  of  the  combustion  chamber  and  nozzle  of  the  engine  Is  excluded. 

The  relationship  of  the  velocities  of  the  gas  flow  for  the  two 
sections  of  the  engine  nozzle  being  studied  are  determined  from  the 


expression 


w 

M  ^  _  w  -tf 

Mb  Vg  Vg  V  r,  ’ 

Vkgft'f. 


l.e. , 


M  /“T 

M.  y  7;  • 


(3.22) 
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since  In  the  presence  of  an  adiabatic  gas 
flow  =  ^‘ic  ”  coi^st. 

After  replacing  T/T'j^  In  this  formula 
with  the  expression  from  Eq.  (3*21),  we 
finally  obtain 


Figure  3*8  shows  the  dependence  of  the 
parameters  of  the  gas  flow  along  the  length 
of  the  geometrical  nozzle  on  the  Mach  number. 
In  some  cases  design  formulas  are  simplified  if  the  param¬ 
eters  of  the  gas  condition  are  determined  In  the  form  of  dependences 
not  on  the  Mach  number,  but  on  velocity  factor  X  ^  w/wj^  « 

The  dependences  of  the  change  of  temperature,  pressure,  and  other 
parameters  of  the  gas  on  the  velocity  factor  X  are  expressed  by  the 
following  well-known  formulas: 


/"  1  4,  V  jua 
JL= iL  1  /  2  *  (3. 

M.  y  * 


23) 


(3.23) 


Pig.  3*8.  Change  of 
basic  parameters  of 
gas  In  the  presence 
of  an  adiabatic  cur¬ 
rent  In  an  engine's 
geometrical  chamber, 
dependent  upon  the 
Mach  nxunber. 


» 


Pn  V 

*  +  l  /  ’ 

1 

Pk  \ 

*  +  l  /  ’ 

Since  In  the  calculations  of  a  a  one -dimensional  gas  flow  Is 
being  investigated,  then,  regardless  of  the  nozzle  profile,  the  only 
variable  magnitude  applicable  to  the  nozzle  is  the  £uc*ea  P  of  Its  flow¬ 
through  section. 
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Because  pressure  £  Is  the  basic  parameter  characterizing  the  change 
in  the  state  of  the  gas  stream  along  the  length  of  the  nozzle, 
we  ordinarily  determine  the  dependence  of  the  change  of  £  on  P,  and 
then  compute  the  other  parameters  of  the  gas  corresponding  to  this 
pressure. 

The  relationship  of  the  arbitrary  and  critical  cross  sec¬ 
tions  of  the  engine  nozzle,  depending  on  the  pressure  of  the  gas  flow, 
is  determined  from  the  equation  of  continuity  of  flow,  writ¬ 
ten  in  conformity  to  these  nozzle  sections: 

const,  (3.24) 

l.e. , 


Fg,  w  t  * 

After  substitution  in  this  equation  of  the  well-known  expressions 
for  Wj^,  w,  Pj^,  and  p  and  the  corresponding  changes,  we  finally  obtain 


/- 


*4-l 

*_1  \ 
l+V"”* 


2 

*  +  l 


I 

*=r 


*  +  i 
2 


(3.25) 


*  +  l 


This  equation  gives  the  necessary  connection  between  the  magnitude 
F  of  the  nozzle's  (flow-through)  cross  section  and  the  pressvire  of  the 
gas  flow  in  the  given  section  (with  given  values  of  and  Pj^)  and 
also  may  be  used  to  determine  the  outlet  section  P^  of  the  nozzle  at  a 
gas  pressvire  p^. 

The  connection  between  P  and  £  is  not  direct,  but,  having  estab¬ 
lished  the  necessary  relationship  Pj^P>  we  may  determine  the  unknown 
relationship  of  areas  f  =  P/Pjq,  (Fig.  3-9)  in  accordance  with  the  eqvia- 
tlon  given. 
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and  adiabatic  e:Q)onent  k  or 
poly tropic  exponent  n. 


Asstuning  a  series  of  values  for  gas-stream  pressures 
along  the  length  of  the  engine  chamber  nozzle,  one  may  compute  the 
other  gas  parameters  corresponding  to  them: 


where 


Having  the  basic  geometrical  dimensions  of  the  nozzle  and  having 
drawn  It  In  the  corresponding  scale,  according  to  the  expression  d  == 
one  may  determine  the  sections  which  will  correspond  to  the 
computed  values  of  the  parameters  of  the  gas  flow  and  plot  the  curves 
of  their  change  along  the  length  of  the  chamber  nozzle  (Pig.  3.10). 


Pig.  3*10.  Change  of  gas -flow  param¬ 
eters  along  the  length  of  an  engine 
chamber  nozzle.  1)  p,  atm  abs;  2)  w,  m/sec; 
3)  length  of  chamber  nozzle. 


t 


Fig.  3 'll*  Dimension¬ 
less  area  of  an  en¬ 
gine's  geometrical 
nozzle,  dependent  on 
Mach  number  In  the 
presence  of  an  adia¬ 
batic  gas  current. 


The  equations  derived  here  for  an  adia¬ 
batic  gas  current  are  also  applied  for  Isen- 
troplc  and  polytropic  processes  of  gas  e^qjan- 
slon  In  the  engine  nozzle  upon  condition  that 
the  adiabatic  exponent  k  In  these  equations 
is  replaced  by  the  Isentroplc  or  polytropic 
esqjonent  n. 

Ordinarily  the  polytropic  exponent  ji  » 

.  1.10.1.20  and  V^lcr  *  3-*- 


Upon  Increase  of  k,  the  relationship 
Py^Pj^  Is  decreased,  which  shows  the  advantage  of  using  fuels  whose 
combustion  products  have  a  greater  value  of  k. 

The  greater  the  pressure  difference  Pj/Py  gases  In  the 

nozzle,  the  greater  the  length  of  the  nozzle  at  a  given  flare  angle, 
the  nozzle  surface,  and  Its  weight. 

In  the  presence  of  a  subsonic  current,  gas  velocity  w  Is  In- 
cz*eased  more  Intensively  than  specific  volume  v,  and  Just  the  opposite 
In  the  presence  of  a  supersonic  ctirrent.  Therefore  the  area  of  the 
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nozzle  channel  in  the  subsonic  region  must  be  decreased,  and  Increased 
In  the  supersonic  region,  which  Is  obvious  from  the  equation  of  con¬ 
tinuity  of  the  gas  stream  P  =  Gv/w  (Plg.  3-11)* 

Consequently,  the  crltlcc.1  section  of  the  engine  nozzle  Is  the 
boundary  where  the  character  of  the  geometrical  Influence  on  the  gas 
flow  changes  to  the  opposite  sign. 

In  an  actual  process,  heat  dQ  >  0,  and  the  gas  friction  work 
dL  >  0;  therefore  the  equality  of  velocities  g  Is  established 
where  dP  >  0,  l.e..  In  the  eaq)andlng  portion  of  the  nozzle.  This  means 
that  the  gases*  velocity  In  the  narrowest  section  of  the  nozzle  Is 
less  than  the  speed  of  sound. 

Example  2.  Construct  the  curves  of  the  adiabatic  chsuige  of  gas 
flow  parameters  v,  T,  w,  F,  and  M,  depending  on  the  length  of  the  noz¬ 
zle,  If  Pj^  =  21  atm  abs;  p^  =  1.03  atm  abs;  Tj^  =  2200°K;  Gg  =  0^  = 
=  1  kg/sec;  =  0.373  =  35.3  kg-nv^kg-^C,  and  k  =  1.3. 

Solution. 

We  assume  throughout  the  nozzle  length,  a  series  of  values  for 
gas  pressure:  p  =  17.5,  l4.0,  11. 5 j  7*0  and  4.2  atmospheres 
absolute  and  for  each  of  them  we  determine  the  area  of  the  cross 
section  of  the  nozzle. 

With  a  pressure  p  =  17.5  atm  abs  we  have; 

1)  specific  volume  of  gases 

2)  gas  temperature 

3)  exit  velocity 

'-V '-(a)*  ]■ 
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/'  EETT 

2-9.81. 35.3  2220  **  «53o™/sec; 


4)  area  of  the  nozzle  cross  section 


„  Q,v  100.43 

Z'  -  ^  »  0.000812  -  8.12  ejfi; 

5)  relationship  of  local  velocity  to  the  speed  of  sound 

^  530  .  „ 

/  ffgRT  /§.81  1. 3-35, 3-2100  ‘ 

Analogously,  we  determine  the  parameters  of  the  gas  flow  at  the 
other  chosen  values  of  pressiu'e  and  reduce  the  results  of  the  calcula¬ 
tions  in  Table  3 ‘2. 


TABLE  3.2 


1) - i 

p  I 

fcv/e.«=  I 

2) 

V 

M^lKl 

i 

!  T 

•K 

3)  1 

W 

JtlCiH 

wjv 

F 

cjfi 

1 

M 

0,37 

2200 

0 

0 

1 

0 

17.S 

0.43 

2100 

530 

1230 

3.12 

0,53 

M.O  ! 

0,51 

2020 

775 

1520 

6,50 

0,81 

1 

0,60  , 

1930 

980 

1550 

6,32 

1,00 

7,0  1 

0.88 

1720 

1220 

1390 

7,10 

1,42 

4.2  1 

1.30 

1539 

1440 

1110 

8,82 

1.79 

ft-1.00 

3,80 

1105 

1830 

482 

20,20 

2.50 

1)  P>  Itg/cm^;  2)  V,  m^/kgj  3)  w,  m/seo. 

Example  3.  Determine  the  basic  geometrical  dimensions  of  an  en¬ 
gine  chamber  nozzle  if  Og  *  13*54  kg/sec;  Pj^  =  20  atm  abs;  Tj^  = 

-  2787°K;  -  2.023  kg/m^;  =  2174  m/sec;  =  0.153  kg/m^*  r  , 

•=  35*25  kg-m/kg-°C,  and  n  »  1. 16. 

Solution. 


1.  Parameters  of  the  gas  mixture  in  the  critical  section  of  the 


nozzle 


2r, 

«  +  » 


2-2787 

I.J6-I-I 


2580*  K; 


96 


“  'd:S.Z  i 

«•„  -  V gnRTn  m  /Mm. 16-35, 25-2580  -  1017  .®/ ®®°* 


P>9  11.43-10« 

RT^  “  35,27-2580 
tt-KP  —  y gnRT^p  m  /i,6l-l,16-3 


2.  Basic  geometrical  dimensions  of  the  nozzle: 

0,  13,54- 10«  .  - 

f  ■ - :m  -  -  ■■  105,9  ejfi; 

^KPtKp  1017- 1,257 

rfKP=  1,128/^-1,128  /i051- 13,17  fwK  =  131,7  mm, 

</,=.  1,128 /a,- 1,128/407,1  =25,6  e-i«  =  256  mm. 

Example  4,  Determine  the  theoretical  specific  thrust  at  ground 
level  and  the  specific  areas  of  the  critical  and  outlet  sections  of 
the  nozzle  of  an  engine  chamber,  operating  on  kerosene  and  nitric  acid 
of  96%  weight  concentration,  when  a  ■=  0.  78;  =  40  atm  abs,  and 

p^  =  0. 8  atm  abs,  if  the  thermodynamic  calculations  produce  the  fol¬ 
lowing  theoretical  parameters  of  the  gases  in  the  combustion  chamber: 

*  2900°K,  =  34  kg -m/kg -°C,  and  k  *  1. 16. 

Solution. 

1.  Density  of  the  gas  in  the  combustion  chamber 

7,  ,,  4  06  kg/m^. 

RJ,  34-2900  ' 

2.  Parameters  of  the  gas  in  the  outlet  section  of  the  chamber 
nozzle: 

a)  temperature 


b)  density 


T,  r,  2iKi0-0,5S39  -  169CC  K; 

7;=  =4.06(^y’"’"‘  =4,06-0.052  -  0,21  kg/m^j 


c)  velocity  factor 


1  /  >.i6-»  • 

*  +  I  .  /4»»\  *  1/  1,16-fl  .  /0,8\  l.i« 
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d)  exit  velocity 


t»,  =  X,aKP=  T+T 


=  2.371/  2.9,81 -^^34-2900  =  2418  m/secj 

|/  .  1*1D+1 

e)  relative  area  of  the  outlet  section  of  the  chamber  nozzle 


I 

*-i 


/  --^  =  -i-l 

'  fu,  X,  I 


*+l 


l-*-=lx» 
*  2  "* 


I 

i.i6— I 


1.16+1 


1~"^V  -2.87« 


-M 


f)  specific  area  of  the  outlet  section  of  the  chamber  nozzle 


7,m 


1 


Q  -  Q 

.0,001974  m  /kg  =19,74  cm  /kg; 


tfiTi  2418.0,21 

g)  specific  area  of  the  critical  section  of  the  chamber  nozzle 

p 

/y*.i<P  =/./yi.Kp « 5,024-19,74  «•  3,93 cm  /kg. 

3.  Specific  thrust  of  the  engine  chamber 

0. 


PjA*  =  ;r  - - “  V*"  o7  " 


o* 


Oa 


Wm  2418  / 

-  —  +/yji.t  (/’.-/».)  “  ^  +  19.34  (0,8  -  1)  ~  243,052kg ~sec/kg. 


Chapter  IV 

ZhRD  OPERATINO  REGIMES 

In  use,  a  ZhRD  operates  under  various  Internal  regimes  and  ex¬ 
ternal  conditions. 

Control  of  the  magnitude  of  engine  thrust  is  usually  accomplished 
by  a  change  in  the  per-second  rate  of  fuel  flow  into  the  combustion 
chamber  and  by  a  pressure  change  in  the  latter.  By  this  means,  not 
only  is  the  thrust  changed,  but  the  engine  operating  economy  as  well. 

With  a  change  in  the  conditions  of  the  surrounding  medium,  the 
basic  parameters  of  the  ZhRD  are  also  changed,  since,  in  this  case, 
the  back  pressure  behind  the  nozzle  is  reduced,  which,  other  things 
being  equal,  is  also  reflected  in  the  magnitudes  of  the  engine's  abso¬ 
lute  and  specific  thrusts.  In  designing  ZhRD  weapons,  one  must  know 
the  basic  parameters  of  the  engine  (absolute  and  specific  thrusts)  un¬ 
der  rated  and  various  nonrated  static  operating  regimes  at  groimd  or 
sea  level  or  in  flight  conditions.  The  basic  factors  determining  the 
operating  regime  of  the  engine  and  upon  which  absolute  and  specific 
thrust  depend,  l.e.,  pressure  in  the  combustion  chamber,  flight  alti¬ 
tude,  etc.,  are  called  engine  characteristics. 

In  this  chapter  there  is  a  discussion  of  characteristics  un¬ 
der  possible  Internal  regimes  and  conditions  of  operation,  and  methods 
are  laid  doim  for  thus  deteralnlng  absolute  and  specif lo  thrust  as  well 
as  specific  fuel  consiusptlon  and  other  paraasters  ibr  engine  design. 
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Pux>therBioxw,  m  brief  analj^la  of  the  factors  affecting  the 
magnitude  of  specific  thrust  Is  given,  and  suggestions  are  made  for 
Increasing  engine  operating  economy. 

IDils  material  facilitates  deteznlnatlon  of  the  optimum  parameters 
and  selection  of  an  expedient  operating  regime  for  the  engine  being 
designed. 

SECTION  1.  RATED  AND  NONRATED  ENGINE  OPERATING  REGIMES 

The  operational  condition  of  a  ^^D  Is  characterized  by  a  set  of 
parameters  determining  Its  efficiency,  absolute  and  specific  thrusts, 
and  the  heat,  static,  and  dynamic  loads  on  individual  engine  elements; 
the  accepted  designation  of  this  state  Is  the  operating  regime  of  the 
engine  and  the  parameters  of  the  operating  process  In  the  engine  which 
correspond  to  It,  such  as  fuel  flow  rate  per  second  and  composition 
factor,  pressure  In  the  combustion  chamber  and  in  the  nozzle  outlet 
section,  and  others,  as  engine  operating -regime  parameters. 

By  the  use  of  a  2|iHD  thermodynanu '  rating,  one  may  evaluate  the 
basic  engine  characteristics  only  under  certain  rated  operational  con¬ 
ditions  alone. 

In  operational  conditions,  absolute  and  specific  engine  thrusts 
may  change  subject  to  the  Internal  operating  regime  of  the  engine  (from 
a  change  of  gas  pressure  In  the  combustion  chamber  as  a  result  of  a 
change  of  the  per-second  fuel  flow  rate  In  it  or  the  weight  relation¬ 
ship  of  Its  ccmiponents)  and  external  conditions  (flight  altitude  and 
velocity  or  pressure  of  the  surrounding  medlian) . 

If  a  ZhRD  operates  at  a  rated  per-second  rate  of  fuel  flow  Into 
the  combustion  chamber  (l.e.,  rated  pressure  In  the  chamber),  the  re¬ 
gime  Is  referred  to  as  rated,  and  if  the  per-second  fuel  flow  rate  to 
the  combustion  chamber  Is  greater  or  smaller  than  rated,  the  regime  Is 
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referred  to  as  nonrate d. 

The  ratio  of  gas  pressure  In  the  combustion  chamber  at  a  given 
engine  operating  regime  to  the  gas  pressure  p^  In  the  outlet  section 
of  the  nozzle  of  this  chamber  Is  called  the  gas  eacpanslon  ratio  In  the 
nozzle. 

If,  In  the  chamber  nozzle,  the  gases  expand  up  to  the  ambient  air 
pressure  (p„  =  p_),  the  gas  expansion  ratio  In  the  nozzle  and  the  noz- 
zle  operating  regime  are  referred  to  as  optimum;  If  the  gases  In  the 
nozzle  exceed  or  fall  to  attain  the  ambient  air  pressure  (Pv^Pa)> 
the  gas  expansion  ratio  In  the  nozzle  and  the  nozzle  operating  regime 
Is  called  nonoptimum. 

A  change  In  the  operating  regime  of  an  engine  nozzle  may  be 
caused  by  a  change  In  the  per-second  fuel  flow  rate  to  the  combustion 
chamber  relative  to  the  rated  value,  or  by  a  change  In  flight  alti¬ 
tude  (atmospheric  pressure).  An  engine  nozzle  may  operate  on  an  optimum 
regime  only  If  the  values  of  altitude  and  flight  speed  of  the  missile 
and  the  per-second  rate  of  fuel  flow  to  the  combustion  chamber  are 
constant.  Under  operating  conditions  the  chamber  nozzles  of  missile 
engines  usually  operate  at  nonoptlmvun  regimes  of  overexpansion  and  un- 
derej^anslon  of  the  gases. 

The  most  advantageous  engine  operating  regime  Is  the  regime  rated 
at  optlmiim  gas  expansion  In  the  nozzle.  This  operating  regime  Is 
called  optimum,  since  It  corresponds  to  the  greatest  values  of  actual 
efficiency  and  specific  thrust  relative  to  their  values  when  the  cham¬ 
ber  nozzles  operate  vinder  nonoptlmvun  regimes  (underexpansion  and  over- 
expansion  of  the  gases  In  the  nozzle).  Numerical  values  of  operating 
parameters  are  usually  given  for  the  engine's  work  at  this  regime. 

Existing  may  be  divided  Into  two  groups  depending  on  the  op¬ 
erating  regime  of  the  engine  nozzle  at  ground  or  sea  level: 
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1)  low-altitude  engines.  In  which,  during  normal  operation  at 
ground  or  sea  level,  gas  pressure  In  the  outlet  section  of  the  nozzle 
Is  equal  to  or  greater  than  atmospheric  pressure,  l.e.,  when  p„  =  p.; 

2)  hlgh-altltude  engines.  In  which,  during  normal  operation  at 
ground  or  sea  level,  gas  pressure  In  the  outlet  section  of  the  nozzle 
Is  less  than  the  pressure  of  the  atmospheric  air,  l.e.,  when  p„  <  p_. 

A  hlgh-altltude  engine  may  operate  on  a  regime  of  optimal  gas  ex¬ 
pansion  In  the  nozzle  only  at  a  rated  altitude  H^asch**  where  an 
equality  between  p^  and  p^^  Is  attained. 

The  basic  characteristic  of  a  hlgh-altltude  engine  Is  the  magni¬ 
tude  of  the  gas  pressure  p^  In  the  nozzle  outlet  section.  Consequently, 
by  a  rated  altitude  of  an  engine  nozzle,  we  understand  that  rated 
flight  altitude  where  p„  =  p. . 

Depending  on  the  rated  altitude  of  the  nozzle,  the  accepted  sub¬ 
division  of  liquid-fuel  rocket  engines  Is  Into  engines  of  moderate  al¬ 
titude  (when  p^  >  0.6  atm  abs)  and  of  high  altitude  (when  p^  <  0.6 
atm  abs) .  The  engines  of  the  last  stages  of  multistage  missiles  are  of 
the  hlgh-altltude  type. 


SECTION  2.  OPERATIONAL  ENGINE  OPERATING  REGIMES 

With  regard  to  the  per-second  fuel  flow  rate  Into  the  combustion 
chamber,  we  may  distinguish  the  following  characteristic  operating  re¬ 
gimes  (thrusts)  of  an  engine. 

1.  Starting,  constituting  the  operation  of  an  engine  In  the  period 
from  the  Instant  fuel  is  Ignited  In  the  combustion  chamber  until  the 
engine  reaches  Its  operating  regime. 

2.  Nominal  thrust  regime,  corresponding  to  continuous  normal  load 
of  the  engine  at  a  nominal  (specific)  rate  of  propellant  consuii5)tlon 

*^^pacv  ~  ^asch  ~  ^raschetnaya  ~  ^rated'  ^ 
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by  the  engine  chamber. 

3*  Maximum  thmst  regime,  corresponding  to  a  brief  maximum  engine 
load  at  the  maximum  permissible  flow  rate  Intensity  of  Its  combustion 
chamber  and  an  Increase  In  the  specific  propellant  (fuel)  constimptlon 
In  comparison  to  the  nominal  regime. 

Other  conditions  being  equal,  such  forced  engine  operation  Is 
combined  with  a  deterioration  In  engine  operating  economy  because  of 
the  Inadequate  volume  of  the  combustion  chamber  or  the  nonrated  per- 
second  fuel  flow  rate  Into  the  combustion  chamber,  and  other  reasons. 

A  temporary  Increase  In  engine  thrust  relative  to  the  rated  nom¬ 
inal  thrust  may  necessitate  an  Increase  In  the  weapon's  rate  of  climb, 
decrease  of  the  length  of  the  aerodynamic  vehicle's  run  at  blastoff, 
or  a  temporary  Increase  of  maximum  flight  speed. 

In  operation,  a  ZhRD  seldom  operates  at  a  maximum  thrust  regime. 
Usually,  an  engine  operates  with  a  thrust  less  than  maximum  the 
greater  part  of  the  time. 

4.  Minimum  thrust  regime,  corresponding  to  the  minimum  permis¬ 
sible  load  of  the  engine,  below  which  Its  operation  becomes  unstable. 

The  value  of  minimum  thrust  depends  on  the  engine  design  and 
designation  and  sometimes  amounts  to  about  10-30J^  of  nominal  thrust. 

5.  Operational  regime,  corresponding  to  engine  loads  In  the  range 
from  minimum  to  established  maximum  thrust  magnitude,  within  which 
stable  engine  operation  Is  ensxu’ed. 

The  dviratlon  of  ZhRD  operation  at  pertinent  regimes  Is  estab¬ 
lished  by  the  engine  designer. 

The  above  classification  of  operating  (thrust)  regimes  of  an  en¬ 
gine  may  have  particular  significance  for  main  engines  and  aircraft 
vernier  engines.  Boosters  have  only  one  operating  regime. 


6.  Stable  operating  regime  of  the  engine,  corresponding  to  the 
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load  at  which  the  fuel  combustion  process  In  the  chamber  occurs  with¬ 
out  anomalous  pulsations  In  gas  pressure. 


SECTION  3.  FACTORS  APPECTINO  THE  INTENSITY  OP  2aiRD  THRUST 

The  result  of  all  hydrodsmamlc  pressure  forces  operating  on  an 
engine  chamber  In  the  presence  of  outflow  of  gases  from  It  to  the  svir- 
roundlng  medlvim  Is  called  the  thrust  of  a  ZhRD. 


Pig.  4.1.  Definition  of  the 
thrust  of  a  ZhRD  as  the  force  re¬ 


sulting  from  the  Influence  of 
gas  pressure  on  the  Internal  sur¬ 
face  and  air  pressure  on  the  ex¬ 
ternal  surface  of  the  engine 
chamber.  1)  Atmospheric  pres- 
svire;  2)  subcrltlcal  part  of  the 
nozzle;  3)  hypercritical  part  of 
the  nozzle. 


The  thrust  of  an  engine,  neglecting  atmospheric  air  pressiare  (when 
the  engine  Is  operating  In  space).  Is  dependent  upon  the  following 
three  forces  of  gas  pressure  working  on  the  combustion  chamber  and 
nozzle  In  the  direction  of  the  nozzle -combustion  chamber  axis  (Pig.  4.1) 

1)  the  unbalanced  force  of  gas  pressure  on  the  surface  of  the 
combustion  chamber  head,  equal  to  the  pressure  Pj^  produced  In  the  cham¬ 
ber  on  the  area  of  the  head.  In  a  magnitude  equal  to  the  area  Pj^,  of 
the  critical  section  of  the  nozzle,  l.e., 

=  (4.1) 

2)  a  force  equal  to  the  difference  of  the  gas  pressure  forces  act- 
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Ing  on  the  remaining  part  of  the  combustion  chamber  head  (area  Pj^ - 
—  Pj^) ,  and  the  subcritlcal  part  of  the  nozzle  which  has  the  same  area 
in  the  direction  of  the  engine's  axis: 

^^dokr  ~  ”  ^rez. dokr^ ^^k  ~  ^kr^^*  (^*2) 

3)  the  unbalanced  force  of  the  gas  pressvire  on  the  hypercritical 
part  of  the  nozzle  which  has  the  area  —  Pj^  in  the  direction  of  the 
engine's  axis 

^^alcr  “  Prez.zakrt^  "  Pkr)-** 


that  is 4 

Pp  =  +  /^Pjp^  +  ap^^^,  (4.4) 

where  p^^  is  the  absolute  gas  pressure  in  the  combustion  chamber  (pres¬ 
sure  on  the  chamber  head)  in  atm  abs;  Pj^  and  P^  are  the  area  of  the 
greatest  cross  sections  in  the  combustion  chamber  and  the  outlet  sec¬ 
tion  of  the  nozzle,  respectively;  Pj.e2,(joia.  and  P^ez.zakr 
sultant  absolute  gas  pressures  on  the  subcritlcal  and  hypercritical 
nozzle  sections,  respectively,  in  atm  abs. 

Gas-pressure  forces  on  the  engine  chamber  in  a  direction  perpen¬ 
dicular  to  its  axis  balance  each  other  in  a  manner  analogous  to  the 
forces  of  air  pressure  on  eui  engine  during  its  operation  in  the  atmos¬ 
phere  (see  Pig.  4.1). 

The  resultant  of  all  axial  forces  caused  by  the  pressiire  of  the 
liquid  in  the  cooling  duct  of  the  engine  chamber  is  usually  negligible. 

The  absolute  thrust  of  an  engine  chamber  when  operating  in  the  at¬ 
mosphere  is  expressed  by  the  equation 


£ 


*^^e3.flOKp  ~  ^rez.dokr  ~  ^rezul’ tlruyushchaya. dokrltlcheskaya  “ 
~  Presultamt. subcritlcal* ^ 

**^^pe3 .saKp  “  ^rez.zakr  ~  ^rezul ' tlruyushchaya. zakrltlcheskaya  “ 
~  ^resultant. hypercritical’ ^ 
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where  Is  the  force  of  the  counter  pressure  of  the  atmospheric  air 

on  the  gas  flow  In  the  outlet  section  of  the  engine  chamber  nozzle. 

Thrust  magnitude  P  depends  only  on  the  Internal  conditions  of 
the  operation  of  a  given  engine,  characterized  by  the  pressure  Pj^  In 
the  combustion  chamber,  and  the  term  depends  only  on  the  external 
conditions  of  the  engine's  operation,  l.e.,  on  the  pressure  p_  of  the 
surrounding  medium.  When  the  engine  Is  operating  In  space,  where  p.  = 

a 

=  0,  the  term  P^g^  =  0. 

The  thrust  of  an  existing  engine  may  be  determined  on  a  test 
stand  under  fixed  atmospheric  conditions. 

SECTION  4.  THE  ABSOLUTE  THRUST  OP  AN  ENGINE 

The  absolute  thrust  of  a  liquid-fueled  rocket  engine  chamber 
usually  consists  of: 

1)  the  dynamic  thrust  ccanponent,  equal  to  the  change  of  momentum 
of  the  combustion  products  of  the  per-second  fuel  flow  rate  to  the 
combustion  chamber  of  the  engine: 

(4.6) 

2)  the  static  thrust  component,  equal  to  the  force  of  the  pres¬ 
sure  on  the  engine  of  the  fuel  combustion  products  which  are  expanding 
behind  the  nozzle: 

=/",(/», kg,  ♦  (4.7) 

that  Is, 

*^^CT  “  ^st  ~  ^statlcheskiy  ~  ^static*  ^ 
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This  expression  Is  called  the  general  thrust  equation  of  an  en¬ 
gine.  This  equation  may  be  given  other  e:q)resslons>  often  encountered 
In  the  literature,  If  you  consider  that 

tp,-91.53  VTTJiitX  -  G,vjw,  h  j 

l.e.. 


A  91 .53  -/»,)«= 

= 9. 33a,  ^  (P.  -  A) = 

'■'-f  ••+ 


£  •b 


(4.8') 


The  latter  two  equations  permit  the  determination  of  an  engine's 
thrust  Independently  of  its  geometrical  dimensions. 

The  thrust  equation  may  also  be  given  this  form: 

P.=^n.+Fj,,-F.p,-Fj,,{l  +^-F^.- 


or,  finally, 

(4.8") 

where  n  Is  the  ej^onent  of  polytropic  gas  expansion  In  the  nozzle, 

My  =  Wy/Sy  Is  the  ratio  of  the  gas  exhaust  velocity  Wy  In  the  outlet 
section  of  the  nozzle  to  the  local  speed  of  sound  Sy  (Mach  number). 

The  general  thrust  equation  may  be  used  for  calculation  of  engine 
characteristics. 

In  the  chamber  of  an  engine  operating  on  a  given  fuel  when 
Py/Pa  y  0.3-0. 4,  the  value  of  Py/P^  Is  not  dependent  on  0^  or  Pj^;  the 
pressure  Py  does  not  depend  on  p^^,  but  upon  Pj^;  velocity  Wy  does  not 
depend  on  Pj^  and  p 


but  upon  Pj^Py  (on  the  dimensions  of  the  chamber 
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nozzle),  l.e.,  for  a  given  chamber  at  standard  operating  conditions, 
the  magnitude  of  Is  constant. 

For  calculating  flow  rate  characteristics,  the  general  thrust 
equation  must  be  reduced  to  another  form. 

If,  In  the  general  thrust  equation  of  an  engine 


we  substitute 


<7,  then  ».=  / 21  ^P.^.  [l  -(^)  *  ]• 


w. 


n  + 1 


we  will  obtain 


**1*  i 


I 


2a»  / 

'  2  y-' 

n-.l  \ 

a  + 1  / 

P*  J 

(4.8'") 

This  equation  shows  that  the  absolute  thrust  of  an  engine  Is  pro¬ 
portional  to  the  pressure  Pj^  In  the  combustion  chamber  and  the  area 
^kr  critical  section  of  the  nozzle. 

When  an  engine  Is  operating  In  space,  where  p^  =  0  and  therefore 
=  0,  Eqs.  (4.8)  through  (4.8"»)  are  e^ressed  as  follows; 


p,-.9.33e,V77S+^/7,— ^ 

r  »-f-l 


I 


(4.9) 


When  changes  occur  In  combustion  chamber  pressure  Pj^,  altitude  H, 
and  flight  speed  V,  the  absolute  thrust  of  a  given  engine  changes. 
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since 


Py  =  ^‘(Pic)  Pa  =  ^*'(H,V). 

With  a  constant  and  the  same  nozzle  dimensions, 

changed,  and  may  be  changed  only  by  a  change  of  p„.  When  p„  =  p„ 

Dv  S  V  cl 

the  value  of  =  0,  when  p^  >  p^^  It  Is  positive,  and  when  p^  <  p^^. 
It  Is  negative  (Pig.  4.2). 


Pig.  4.2.  Absolute  thrust  of 
an  engine  as  a  function  of 
nozzle  length  at  rate  of  fuel 
flow  to  canbustlon  chamber,  l) 
Nozzle  length;  2)  length  of  a 
shortened  nozzle:  3)  normal 
nozzle  length;  4)  extended  noz¬ 
zle  length. 


( 


Ebq^anslon  of  the  gases  In  an  engine  chamber  nozzle  up  to  the 
pressure  of  the  surrounding  medium  Is  possible  only  when  the  nozzle  Is 
of  normal  length. 

The  absolute  thrust  of  an  engine  when  the  nozzle  Is  operating  on 
an  optimum  (rated)  regime  Is  e:q)ressed  as  follows 


*[P 

P 


—  p  =  P  =  P 

OUT  opt  optimal 'nyy  optlmvun' 

—  P  =  P  =  P  I 

p  r  raschetnyy  rated*  •' 


(4.10) 
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The  optimum  operating  regime  of  a  ZhRD  nozzle  Is  the  most  advan¬ 
tageous  since,  other  conditions  being  equal,  the  engine  develops  max¬ 
imum  thrust  under  this  regime. 


Pig.  4.3.  Change  of  gas  pres¬ 
sure  on  the  surface  of  a 
shortened,  normal,  and  length- 
ened  nozzle,  l)  Atmosphere 
line. 


An  engine's  thrust  when  the  nozzle  operates  at  a  regime  of  un- 
derexpanslon  or  overexpansion  of  gases  Is  always  less  than  the  engine's 
thrust  obtained  at  rated  optimum  operating  regime  of  the  combus¬ 

tion  chamber  and  nozzle,  according  to  the  magnitudes  (Pig.  4.2  and  4.3) 


AO  iP'  F\n  **  (^-11) 

where  p„^„  ,  and  p^^„  „„„  are  the  resultant  true  gas  pressures  on 

*^rez.ned  '^rez.per  ” 

the  surface  of  the  shortened  and  lengthened  parts,  respectively,  of  the 
engine  chamber  nozzle. 

~  ^^ned  “  ^^nedorasshirenle  ~  ^^undere:>Q)anslon* 

Ppea.Hea  ~  ^resultant. vindere3q)anslon’  ^ 

**^^^nep  ~  ^^per  “  ^^pererasshlrenle  ~  ^^overe:q)anslon^ 

^pea.nep  ~  ^resultant. overexpansion*  ^ 
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Therefore,  the  absolute  thrust  of  an  engine  chamber,  when  the 
nozzle  is  operating  on  a  nonoptimum  regime,  will  be; 

1)  In  case  of  underejtpsmslon  of  the  gases  In  the  nozzle 

from  whence  +  AP^^^; 

2)  In  case  of  overeaipanslon  of  the  gases  In  the  nozzle 

from  whence  P^^^.  =  P^  +  AP^^„. 

opt  n  per 

Consequently,  at  given  values  of  G_  and  p.  ,  shortening  or  length- 
enlng  of  a  given  engine  nozzle  will  lead  to  a  change  In  the  magnitudes 
of  p^  and  Wy,  and  and  P^^.  For  example,  when  a  nozzle  of  normal 

length  Is  shortened,  p^  Increases  and  P^jj^  decreases  as  the  conse¬ 
quence  of  some  \indere3(panslon  of  the  gases  In  the  nozzle,  and  P^^  In¬ 
creases  because  of  the  Increase  In  the  pressure  difference  of  the 
gases  behind  the  nozzle,  as  a  result  of  which  the  engine's  thrust  Is, 
accordingly,  decreased  relative  to  the  rated  optimum  magnitude  P^p^.- 

Change  of  an  engine's  absolute  thrust,  depending  on  the  change  of 
nozzle  length,  corresponds  to  a  definite  change  of  altitude  H  or  fly¬ 
ing  speed  V. 

The  thrust  of  a  low-altitude  engine,  when  operating  at  a  certain 
altitude  H,  Is  e3q>ressed  by  the  equation 

Pn^P^+f'AP^-P,)-  (^-12) 

A  low-altitude  engine  In  space  develops  approximately  10  to  20$^ 
greater  thrvist  than  at  ground  level. 

Since  the  engine  of  a  long-range  missile  usually  operates  In  the 
rarefied  layers  of  the  atmosphere  during  the  greater  part  of  the  time. 
It  Is  e:q}edlent  to  make  It  a  hlgh-altltude  engine,  l.e.,  with  a  rel¬ 
atively  lengthened  nozzle  at  ground  or  sea  level  (when  p^  <  p^^) . 

Such  a  hlgh-altltude  engine,  when  operating  at  groimd  level  or  at 
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Fig.  4. 4.  Change  of  abso¬ 
lute  thrust  of  low-altl- 
tude  and  high -altitude 

depending  on  flight 

altitude  H.  l)  Engine 
with  Ideal  regulating 
nozzle;  hlgh-altltude 
engine;  3)  low-altitude 
engine;  4)  Pq  —  absolute 

thrust  of  a  hlgh-altltude 
engine  at  ground  level; 

5)  Pq  —  absolute  thrust 

at  ground  level  of  an  en¬ 
gine  with  Ideal  regulat¬ 
ing  nozzle  and  low-alt 1- 
tude  engine. 


of  an  engine  chamber  op¬ 
erating  at  ground  level 
and  Its  specific  thrust 
In  space 4  depending  on  p^ 

when  Pj^  Is  constant.  1) 

'■ud.p'  kg  thrust/kg  fuel 

per  sec;  2)  Pq  (when  p^  « 

«  1  atm  abs);  3)  Pud.p 

(when  Pg^  -  0);  4)  - 

«  5  atm  abs. 


low  altitudes,  will  develop  less  thrust 
than  a  low-altitude  engine  (with  a  nor¬ 
mal  nozzle  length).  However,  to  make  up 
for  that,  as  It  rises  In  altitude  the 
thrust  of  such  an  engine  becomes,  other 
things  being  equal,  greater  than  the 
thrust  of  a  low-altitude  engine  within 
a  short  time  (Pig.  4.4). 

A  missile  with  such  a  hlgh-altltude 
engine,  other  things  being  equal,  will 
have  a  relatively  great  range.  For  this 
reason,  at  the  present  time  hlgh-altl¬ 
tude  engines  are  made  for  long-range 
missiles  and  for  some  antiaircraft  mis¬ 
siles.  The  design  altitude  for  an  en¬ 
gine  being  designed  Is  usually  chosen 
with  due  regard  to  the  missile's  type 
and  tactical  designation.  The  absolute 
thrust  of  a  hlgh-altltude  engine  Is  de¬ 
termined  according  to  the  general  thrust 
equation  given  above. 

Figure  4. 5  shows  the  results  of 
rough  calculations  for  determining  the 
absolute  and  specific  thrusts  of  the  A-4 
engine  at  sea  level  and  In  space,  op¬ 
erating  on  QO^  weight  concentration 
ethyl  alcohol  and  liquid  oxygen,  with 
Pj^  »  20  atm  abs,  n  «  1. 16,  and  different 
values  of  p^  (depending  on  the  different 
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lengths  of  the  chamber  nozzle). 

The  curves  of  this  graph  show  that: 

1)  shortening  the  nozzle  relative  to  Its  normal  terrestrial 
length  leads  to  a  decrease  In  the  engine's  absolute  and  specific 
thrusts  In  operation  at  ground  level.  In  the  rarefied  layers  of  the 
atmosphere,  and  In  space; 

2)  lengthening  the  nozzle  relative  to  Its  normal  terrestrial 
length  leads  to  a  decrease  In  the  engine's  absolute  and  specific 
thrusts  at  blastoff  and  to  Increasing  them  considerably  as  the  engine 
operates  In  the  rarefied  layers  of  the  atmosphere; 

3)  Increasing  the  area  of  the  nozzle  outlet  section  by  30$^  and 
Its  length  by  6^  relative  to  the  normal-length  nozzle  at  ground  level 
Increases  the  absolute  and  specific  thrusts  of  the  engine  In  space  by 
approximately  3^,  and  Its  Internal  efficiency  by  almost  10^. 

The  engine  thrust  vector  must  concur  strictly  with  the  axis  of 
the  missile's  flight.  In  practice  It  Is  extremely  difficult  to  accom¬ 
plish  this  condition,  since.  In  fact,  an  engine's  thrust  In  relation¬ 
ship  to  the  missile  Is  always  somewhat  noncoaxlal. 

Calculations  show  that  disruption  of  the  centrality  of  the  thrust 
vector  of  a  ghgD  by  0. 5%  can  cause  a  lateral  force  of  about  0. of 
the  thrust  of  the  engine.  For  a  missile  with  a  mass  ratio  of  7:1  at 
the  end  of  the  power  phase,  the  lateral  acceleration  may  reach  0.1  g, 
and  the  lateral  velocity  about  60  m/sec. 

This  circumstance  compels  the  application  of  some  means  for  steer¬ 
ing  the  missile  during  blastoff  and  In  flight,  as  well  as  for  changing 
the  direction  of  Its  flight  If  necesseu?y.  One  may  use  gas  rudders, 
which  are  started  by  a  hydraulic  system  (steering  engines)  for  this 
purpose  In  missiles  of  lai^e  and  medium  thrust.  Qas  rudders  may  cause 
a  lateral  force  of  up  to  20$^  of  the  axial  value  of  the  engine's  thrust. 
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If  gas  midders  are  placed  In  the  gas  flow  at  the  rear  of  the  en¬ 
gine  nozzle,  the  engine  thrust  decreases  by  the  magnitude 
The  magnitude  of  the  resistance  of  the  gas  rudders  of  a  missile  de¬ 
pends  on  their  design,  dimensions,  turning  angle  in  the  gas  flow,  and 
their  burnout  level  during  the  engine's  operation.  In  ballistic  mis¬ 
siles  a  turn  by  gas  rudders  is  possible  within  the  limits  of  +25®,  and 
their  working  turns  are  usually  accomplished  in  the  interval  of  +12®. 
This  shows  that  the  forces  operating  on  gas  rudders  in  the  missile's 
guided -flight  phase  change  within  wide  limits. 

The  frontal  drag  for  the  A-4  long-range  missile's  gas  rudders, 
in  a  nondlvergent  position,  is  equal  to  about  64o  kg,  and  in  a  di¬ 
vergent  position  attains  156O  kg. 

In  calculations,  thrust  losses  of  liquid-fuel  rocket  engines  due 
to  gas  rudders  are  usually  accepted,  in  accordance  with  the  statisti¬ 
cal  data,  as  equal  to  about  1-3$^  for  finned  missiles  and  to  about  2-4$^ 
for  finless  missiles,  computed  from  ground-level  engine  thrust.  This 
is  convenient  from  the  practical  point  of  view,  since  one  may  deter¬ 
mine  the  resistance  of  the  gas  rudders  experimentally  at  ground  level. 

The  quantity  is  practically  Independent  of  flight  altitude, 

since  density  and  velocity  of  the  stream  of  gases  flowing  out  of  the 
engine  nozzle  do  not  depend  on  the  pressure  of  the  surrounding  medium, 
1. e. ,  are  not  functions  of  flight  altitude. 

Instead  of  gas  rudders,  in  some  cases  special  steering  combustion 
cheunbers,  which  may  also  be  used  as  the  final  stage  of  an  engine,  are 
applied  for  steering  a  missile  ia  J*llght.  By  changing  the  correspond¬ 
ing  mode  of  fuel  flow  rate  to  the  separate  chambers,  one  may  tvirn  the 
missile  in  the  required  direction. 

*^^^yn  “  ^^rul  “  ^^rul '  *  ^^rudder*  ^ 


■ 


3  . 


If  the  fuel  system  contains  a  turbopump  unit  whose  exhaust  gas 
flows  Into  the  atmosphere  through  the  expanding  nozzle  of  an  exhaust 
pipe  which  Is  psu^allel  to  the  engine  axis,  a  supplementary  engine 
thrust  Is  developed: 

Where  Is  the  factor  accounting  for  the  shortage  of  specific  thrust 
due  to  part  of  the  fuel  being  expended  In  the  gas  generator  (as  a  con¬ 
sequence  of  partial  use  of  the  gases '  heat  differential  In  the  turbine 
and  their  partial  ejection  throiigh  the  constant -pres  sure  valve  If  such 
a  valve  exists);  Q'^  Is  the  fuel  flow  rate  to  the  gas  generator  of  the 
turbopump  unit  In  kg/sec;  Is  the  specific  thrust  developed  by 

the  gases  when  they  flow  out  of  the  exhaust  pipe  of  the  turbopump  unit's 
nozzle  In  kg  thrust/kg  fuel/sec. 

Experience  shows  that  the  value  of  inay  amount  to  about  0.2 

to  0. of  the  thrust  of  the  engine  chamber. 

Allowing  for  this,  the  summary  absolute  thrust  of  an  engine  Is 
expressed  by  the  equation 

+ «,o;A»^nu, 

where  eg  Is  the  factor  allowing  for  the  engine's  thrust  loss  as  a  con¬ 
sequence  of  gas  rudders  at  the  reeu?  of  the  nozzle. 

The  absolute  thrust  of  a  at  ground  or  sea  level  Is  an  ex¬ 
tremely  Important  characteristic  of  the  engine,  since  It  determines 
the  stability  of  the  weapon  at  the  Instant  of  launching. 

The  magnitude  of  engine  thrust  at  ground  level  Is  usually  de¬ 
pendent  upon  the  weapon's  tactical  designation.  Thus,  for  example, 
for  existing  long-range  missiles  of  the  A-4  type,  the  magnitude  of  the 
thrust  at  ground  level  must  be  almost  twice  as  great  as  the  missile's 
launching  weight. 

Requirements  for  Increasing  range  and  weight  of  payload  of  a 
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weapon  leads  to  a  great  Increase  In  the  engine's  absolute  thrust. 

Toward  the  end  of  the  Second  World  War,  engine  thrusts  reached  26  tons. 

Experience  has  shown  that  the  development  of  a  single-chamber  en¬ 
gine  Is  not  practicable  for  extremely  great  thrusts  because  of  the  ex¬ 
cessive  Increase  in  the  dimensions  and  weight  of  the  engine  and  the 
difficulties  In  Its  experimental  develoianent.  The  published  literature 
reports  that  single-chamber  engines  with  a  thrust  of  several  hundred 
tbns  may  be  developed. 

Probably  missiles  with  greater  thrusts  will  be  multi cheunbered 
with  synchronized  thrust  of  the  separate  combustion  chambers.  Such  an 
engine  permits  steering  the  missile's  flight  by  differential  throt¬ 
tling  of  the  separate  combustion  chambers  or  turning  them  relative  to 
the  missile  axis. 

In  practice,  the  thrust  of  a  multi chambered  engine  may  attain  ex¬ 
tremely  great  magnitudes. 

Calculations  show  that  an  engine  In  the  form  of  clusters  of  sev¬ 
eral  chambers  of  smaller  size  has  a  smaller  total  weight  them  a  single- 
chambered  engine  of  the  same  thrust  operating  under  the  seune  condi¬ 
tions.  The  advemtage  of  a  multichamber  engine  also  lies  In  the  con¬ 
venience  of  regulating  thrust;  however.  Its  external  dimensions  are 
greater  than  the  dimensions  of  a  slngle-cliamber  engine. 

One  must  bear  In  mind  that  a  liquid-fuel  rocket  engine,  at  launch¬ 
ing,  usually  works  up  to  full  thrust  only  after  a  short  Interval  of 
time  after  the  trigger  pulse  Is  delivered.  Again,  In  cutting  off  (stop¬ 
ping)  the  engine.  Its  thrust  does  not  cease  simultaneously,  but,  as 
they  say,  the  phenomenon  of  ad*tereffects  Is  observed,  leading  to  range 
dispersion,  especially  In  ballistic  missiles. 

The  magnitude  of  the  aftereffect  momentum  and  some  amount  of  dis¬ 
persion  of  Its  values.  In  a  ghgC>  depends  upon  the  length  of  time  that 
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fuel  which  was  not  cut  off,  because  of  the  design  particulars  of  the 
engine,  continues  to  arrive  in  the  combustion  chamber  euid  burn  there. 

At  the  moment  the  cut-off  signal  is  given  for  the  fuel  components, 
some  quantity  of  fuel  is  arriving  in  the  chamber,  where  it  burns  after 
a  certain  time  interval  equal  to  its  delay  in  ebullition.  The  cut-off 
valves  are  late  in  operating  after  the  signal  is  given  for  their  clo¬ 
sure;  the  process  of  closing  also  does  not  take  place  simultaneously, 
since  at  this  moment  a  certain  amount  of  fuel  continues  to  arrive  in 
the  chamber  and  burn  there.  After  the  cut-off  valves  close,  the  fuel 
which  was  not  cut  off  rushes  into  the  combustion  chamber  peu^tly  as  a 
consequence  of  inertial  effect,  and  also  by  partial  vapor  formation 
because  of  the  decrease  in  the  pressure  in  the  lines,  especially  in 
the  cooling  duct  of  the  engine  chamber.  Besides  this,  at  the  moment 
the  supply  of  the  components  is  cut  off,  there  is  some  amount  of  gases 
of  a  certain  pressure  in  the  chamber.  Because  of  all  these  things,  the 
engine  has  an  aftereffect  momentum,  which  leads  to  a  considerable 
range  dispersion  in  ballistic  missiles. 

In  order  to  decrease  the  reuige  dispersion  of  these  missiles, 
sometimes,  before  complete  cutoff  of  fuel  delivery  to  the  combustion 
chamber,  the  engine  at  first  shifts  to  operation  with  a  smaller  per- 
second  flow  rate,  l.e. ,  at  the  final  thrust  stage.  For  this  same  pur¬ 
pose,  the  extremely  perfected  instruments  in  systems  for  guiding  the 
missile  in  the  power  phase  of  its  trajectory  are  applied.  Decreasing 
the  scattering  (dispersion)  of  the  range  of  long-range  missiles  is 
possible  by  means  of  decreasing  the  liquid -fueled  rocket  engine's  af¬ 
tereffect  momentum,  as  well  as  by  careful  calculation  of  its  meignitude 
in  working  out  the  mechanism  for  separating  the  warhead  from  the  body 
of  the  missile. 


i 
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SECTION  5.  ENGINE  CHAMBER  NOZZLE  OPERATION  AT  NONOPTIMOM  REGIMES 

At  the  rear  of  the  chamber  nozzle,  when  operating  on  nonoptimum 
regimes,  transformation  of  the  supersonic  gas  flow  Into  a  subsonic  gas 
flow  occurs,  with  the  restoration  of  the  pressure  from  p^  to  p^^,  be¬ 
cause  of  the  system  of  congjresslon  waves  (Plg.  4.6). 


Pig.  4.6.  Transformation  of  gas 
flow  In  the  rear  of  an  engine 
nozzle  by  coinpression  waves 
as  the  consequence  of  underex- 
panslon,  relative  to  the  pres¬ 
sure  of  the  atmospheric  air 
(when  Py  >  p^),  6f  the  exhaust 

from  the  nozzle. 

In  the  ranges  of  the  operating  regimes  for  under expans ion  and 
overezpanslon  of  the  gases  In  the  engine  nozzle  exhaust  section,  or¬ 
dinarily  the  rated  exhaust  velocity  w^  Is  established,  whose  magnitude 
Is  Indepedent  of  the  conditions  of  the  surrounding  medl\im  and  Is  de¬ 
termined  only  by  the  parameters  of  the  gases  In  the  combustion  chamber 
euid  the  geometrical  form  of  the  nozzle. 

In  cases  where  the  nozzle  operates  with  p^  >  p^^  the  stream  of  gas 
at  the  end  of  the  nozzle  at  first  expands  with  am  Increase  in  velocity, 
and  then,  as  a  consequence  of  Its  Inertial  velocity  of  overexpansion. 

Is  subjected  to  compression  by  the  Influence  of  the  relatively  great 
pressure  of  the  surrounding  layers  of  air  on  It,  €uid  so  forth.  These 
processes  of  overexpanslon  and  overcompression  of  the  gas  stream  and 
the  layers  of  the  atmospheric  air  adjoining  It,  relative  to  Its  pres¬ 
sure  In  an  unperturbed  condition,  are  usually  accompanied  by  oblique 
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compression  wave. 

The  further  a  nonoptimum  operating  regime  of  the  chamber  nozzle 
varies  from  optimum,  the  stronger  the  perturbation  In  the  stream  of 
gases  at  the  end  of  the  engine  chamber. 


Pig.  4.  7.  Transfor¬ 
mation  of  gas  flow 
at  rear  of  engine 
nozzle  through  com¬ 
pression  waves  as  a 
consequence  of  its 
overexpansion  rela¬ 
tive  to  the  atmos- 
herlc  air  pressure 
when  p^  <  Pg^). 


Pig.  4. 8.  Trsmsfor- 
matlon  of  flow  of 
exhaust  gases  from 
an  engine  nozzle 
with  appearance  of  a 
normal  compression 
wave  due  to  the 
considerable  overex- 
panslon  of  gases 
relative  to  the  at¬ 
mospheric  air  pres- 
suz«. 


VIhen  a  nozzle  operates  with  p^  <  p^^,  transfonnatlon  of  the  super¬ 
sonic  gas  flow  to  subsonic  Is  considerably  more  complex  (Pigs.  4.7 
£uid  4.8).  Here  the  pressure  of  the  geu9  Is  restored  to  the  pressure  of 
the  surrounding  medium  by  means  of  a  system  of  oblique  and  even,  pos¬ 
sibly,  normal  compression  waves. 

A  decrease  in  the  pressure  ratio  p„/p-  causes  an  Increase  In  the 
single  ^  (see  Pig.  4. 7)«  and  when  It  exceeds  a  certain  limiting  value 
P',  depending  on  Mach  number  (M^),  the  gas-flow  transformation  scheme 
In  the  rear  of  the  nozzle  Is  even  more  complicated  (see  Pig.  4.8).  In 
this  case,  a  normal  (or,  more  exactly,  curvilinear)  compression  wave 
appears  around  the  gas-flow  axls^  and  this ,  when  p„/p.  Is  decreased  to 
a  fixed  value,  will  be  shifted  to  the  nozzle's  outlet  section. 
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Pig.  4.9.  Compression  waves  in 
flow  in  an  engine  nozzle  as  a 
consequence  of  excessive  over- 
expansion  relative  to  atmos¬ 
pheric  air  pressure.  1)  Atmos¬ 
phere  llnej  2)  nozzle  length; 
3)  rated  nozzle  length  at 
ground  level;  4)  mGocimum  noz¬ 
zle  length  at  ground  level;  5) 
inadmissible  nozzle  length  at 
gro\ind  level;  6)  p,  atm  abs. 


Until  this  normal  compression  wave  approaches  the  chamber-noz¬ 
zle  outlet  section,  exhaust  velocity  will  be  supersonic,  since  In  this 
case  its  magnitude  is  determined  only  by  the  parameters  of  the  gases 
at  the  end  of  the  combustion  chamber  euid  the  design  of  the  nozzle.  By 
this  means,  the  pressure  In  the  gas  flow  at  the  rear  of  the  nozzle 
will  be  restored  up  to  the  pressure  of  the  atmospheric  air  by  means  of 
oblique  compression  waves. 

After  the  normal  compression  wave  moves  to  the  chamber-nozzle 
exhaust  section,  gas  outflow  velocity  will  be  sonic. 

With  a  further  decreeuse  in  p,,/p„,  the  gases'  normal  compression 
wave  enters  the  nozzle.  Then,  in  the  nozzle  behind  the  plane  of  this 
compression  wave,  the  gas  stream  becomes  subsonic  eind  strongly 
perturbed,  as  a  result  of  which  it  may  become  detached 
from  the  surface  of  the  nozzle  wall  (Fig.  4. 9)»  and  to  considerable 
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decrease  of  the  engine's  specific  thrust. 

In  practice,  we  find  that  the  gases '  detachment  from  the  wall  of 
the  chamber  nozzle  In  a  liquid-fueled  rocket  engine  may  occur  when 
Py/Pa  “  0.3-0. 4. 

Regimes  when  normal  compression  waves  occur  within  the  nozzle  are 
inefficient,  and  are  therefore  not  desirable  during  normal  operation  of 
the  engine.  Such  regimes  may  take  place  only  when  starting  and  stop¬ 
ping  the  engine,  and  also  during  test-stand  trials  of  high-altitude 
engines. 

For  a  variation  in  a  ZhgD  chamber  operating  regime  until  normal 
compression  waves  occur  in  the  gases  inside  the  nozzle,  engine  thrust 
may  be  determined  by  the  above-mentioned  general  equations  (4.8)  and 
(4.9)5  In  other  cases  these  equations  will  give  incorrect  results  to 
the  computations. 

Studies  have  established  that  the  gas  streams  behind  the  noz¬ 
zle  of  an  engine  affect  the  aerodynamic  characteristics  of  the  missile 
by  decreasing  frontal  drag  at  supersonic  flight  speeds  and  Increas¬ 
ing  It  at  subsonic  flight  speeds. 

With  a  subsonic  flight  speed  the  gas  streams  flowing  out  of 
the  engine  nozzle  with  a  supersonic  velocity  operate  like  an  ejector 
and  create  an  Inflow  of  the  surrounding  air  behind  the  flying  missile. 
This  phenomenon  considerably  affects  such  devices  as  missiles,  aerial 
torpedoes,  and  some  types  of  Jet  aircraft.  In  which  the  engine  is  In¬ 
stalled  In  the  conical  tall  section. 

The  ejecting  action  of  the  gases  flowing  out  of  the  engine  nozzle 
creates  an  acceleration  of  the  surrounding  air  and,  consequently,  a 
local  Increase  in  surface  friction,  as  well  as  a  decrease  in  the  pres- 
s\ire  on  the  surface  of  the  missile  close  to  the  nozzle.  This  leads  to 
an  Increase  of  the  frontal  drag  through  the  moving  air  and  a  de- 
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crease  in  the  atmospheric  pressure  at  the  exhaust  from  the  nozzle 
(this  decrease  In  pressure  causes  an  Increase  In  thrust,  which  Is  de¬ 
veloped  by  the  difference  of  pressures  between  the  gases  at  the  ex¬ 
haust  from  the  nozzle  and  the  atmospheric  air). 

During  the  flight  of  a  missile  with  supersonic  speed,  a 
turbulent  wake  with  decreased  local  pressure  Is  excited  at  Its  tall 
section.  Under  the  Influence  of  the  reactive  stream,  the  area  of  low¬ 
ered  pressure  Is  filled  by  the  gases  flowing  out  of  the  engine,  which 
leads  to  an  Increase  in  the  pressure  on  the  missile's  tall  section.  By 
this  means  frontal  drag  Is  decreased,  1.  e.  ,  thrust  Is  Increased. 

SECTION  6.  THE  THRUST  COEPPICIENT  OP  AN  ENGINE 

To  simplify  calculations,  the  concept  of  an  engine's  thrust  co¬ 
efficient,  which  Is  the  ratio  of  the  chamber’s  absolute  thrust  P  to 
the  product  of  the  gas  pressures  Pj^  In  the  combustion  chamber  and  the 
area  Pj^  of  the  nozzle’s  critical  section,  1. e. , 

K _ £_-  (*•13) 

has  been  Introduced  Into  liquid-fueled  rocket  engine  theory. 

This  coefficient  shows  how  many  times  the  thrust  of  the  engine 
chamber  Is  Increased  relative  to  the  basic  term  of  thrust  1^7 

means  of  the  convergent  and  divergent  parts  of  the  nozzle. 

Using  the  concept  of  an  engine  chamber's  thrust  coefficient,  the 
general  thrust  equation 

may  be  given  the  following  dimensionless  form: 

Pm  ^  Pm  * 

■  -  P^<m  PtFtf 

“  ^absolute'  “  ^apace' 

“  ^r  “  ^raschetnyy  *  ^rated  (calculated)*  ^ 
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where  =  Pn/Pic^lcr  thrust  coefficient  of  an  engine  when  the 

gases  flow  out  of  the  nozzle  Into  the  atmosphere;  =  Pp/Pj^lo.  Is  the 
thrust  coefficient  of  an  engine  when  the  gases  flow  out  of  the  nozzle 
Into  space;  and  f^  =  is  the  relative  area  of  the  nozzle's  ex¬ 

haust  section. 

By  this  means,  we  will  obtain  the  following  additional  e^qjres- 
slons  for  determining  the  thrust  of  an  engine  chamber: 

Bearing  In  mind  that  the  absolute  thrust  of  a  chamber  Is  also  ex¬ 
pressed  by  the  equation 


2«* 

(  2  ) 

A-yl 

i"~' 

1 

u+1 ; 

1 

[’  U)  J 

+  P,iP,-P^)-PAvKn 


we  will  obtain 


f  «-i  1 


This  formula  shows  that  is  also  dependent  upon  atmospheric  air 
pressure  p_,  the  value  of  which,  with  an  Increase  In  altitude.  Is  low- 
ered,  and  In  space  Is  equal  to  zero.  Therefore,  at  a  given  operating 
regime  In  the  chamber,  the  thrust  coefficient  Is  Increased  with  a 
rise  In  altitude,  and  In  space  attains  maximum  value,  K^. 

Since  the  thrust  of  the  chamber  In  space  Is  expressed  by  the  equa- 

p 

tlon  Pp  =  FyP^(l  +  »  the  thrust  coefficient  of  a  liquid-fueled 

rocket  engine,  when  operating  In  space,  may  be  expressed  as  follows: 


P%r If  PtTtP  P* 


(4.16) 


If,  In  this  formula,  we  replace  f^  and  Py/Pj^  with  the  already 
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well-knovm  expressions  of  them  which  are  functions  of  Mach  number  (M^), 
and  then  replace  this  figure  with  Its  value  dependent  on  the  velocity- 
coefficient  or  express  the  latter  by  the  ratio  p^Pj^,  after  the 
appropriate  transformations,  we  will  obtain  the  following  expressions 
for  the  coefficient  of  the  thrust  of  an  engine  when  operating  In  space: 


-2 


n 


H  — I 

(PlfPu)  * 

<1—1 

1— • 


(4.16') 


In  accordance  with  these  same  formulas,  one  may  also  detezmilne 
the  theoretical  engine  thrust  coefficient  Kp  when  operating  In 
space  If  we  replace  the  corresponding  actual  parameters  with  their 
theoretical  values  which  were  obtained  during  thermodynamic  computa¬ 
tion  of  the  engine  chamber. 

The  following  relationship  exists  between  the  actual  thrust  coeffi¬ 
cient  of  the  engine  when  operating  In  space  and  Its  theoretical 
value 

(4.17) 

where  9_**  Is  the  correction  factor  for  the  nozzle  efficiency  of  this 
s 

specific  engine  chamber  nozzle. 

It  Is  simplest  to  determine  the  theoretical  coefficient  of  thrust 
In  space  by  means  of  Eq.  (4.16'),  having  replaced  the  polytropic  ex¬ 
ponent  n  In  it  with  the  specific  heat  ratio  k. 

In  existing  engines  «  1.3-1<8.  By  Increasing  p^^  and  decreasing 
n  or  k,  the  value  of  is  Increased. 

By  considering  these  factors,  one  may  also  express  an  engine  cham- 


i 


^ustota.  teoretlcheskly  ^space.  theoretical' ^ 

*♦[9  =9=9  1  .  ] 

-  soplo  nozzle  ^ 


-  124  - 


Pig.  4. 10.  Nomogram  for  determin¬ 
ing  geometrical  dimensions  of  eui 
engine  nozzle. 


ber’s  thrust  thus: 

The  formulas  given  here  permit  the 
determination  of  the  basic  geometrical 
dimensions  of  the  chamber  nozzle  and 
some  of  Its  operating  parameters.  By 
this  means,  one  may  use  the  curves  In 
Figs.  3-9,  4.10,  and  4.11  for  approxi¬ 
mate  calculations. 

Example  1.  Determine  the  absolute 
thrust  of  an  engine  when  operating  In  space  and  the  geometrical  di¬ 
mensions  of  the  chamber  nozzle.  If  pj^  =  4o  atm  abs,  p^  =  1  atm  abs, 
n  =  1.15,  and  Pj^  =  39  cm^. 

Solution. 

1.  According  to  the  graph  In  Pig.  4.10,  when  Pj^/Py  =  4o/l  =  40 
and  n  =  1.15,  we  find  =  1.725  and  f^  =  6.5. 

2.  Thrust  of  the  engine  chamber  in  space 

3.  Area  of  the  nozzle  cross  section  at  outlet 


o'-  ..  «  ..  '  2.  ■  -g. 


"fl-  «  »  JO  <0  "jT*^ 

Pig.  4. 11.  Thrust  coeffi¬ 
cient  of  an  engine  In 
space,  dependent  ongas- 
expeuislon  ratio  In  the 
nozzle  and  specific  heat 
ratio  k. 
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— /»^itp  =  fj.5-30  _.  J53,5  CM^ 

4.  Diameters  of  the  critical  and  exhaust  sections  of  the  nozzle: 

We  will  also  determine  the  thrust  of  the  engine  chamber  In  space 
and  the  pressure  of  the  gases  In  the  nozzle  exhaust  section  when  Pj^  = 
=  40  atm  abs,  n  =  I.15,  dj^  =  7  cm,  and  d^  =  21  cm. 

We  solve  this  problem  In  the  following  manner. 

1.  The  relative  area  of  the  exhaust  section  of  the  chamber  nozzle 
will  be 


/.  -  -  dl/4^  .  2i»/7*  -  8.a 

2.  According  to  the  graph  In  Pig.  4.10,  when  f^  =  8.9  and  n  = 

=  l*15i  we  find  the  level  of  gas  expansion  In  the  nozzle: 

Pl/Pv  =  60, 

from  whence  p^  =  P1/6O  =  4o/60  »  O.67  atm  abs. 

3.  According  to  the  graph  In  Pig.  4.11,  when  Pj/p^  =  60  and  n  = 

=  1.15,  we  find  the  chamber's  thrust  coefficient  In  space  Is  equal 
to  1.76. 

4.  We  will  determine  the  area  of  the  critical  section  of  the  noz¬ 
zle  according  to  the  formula 


3.14-7* 


—  ^ - v38,48 

5.  The  thrust  of  the  engine  chamber  when  operating  In  space: 

»  KmPt  Fnf  -  1 ,70-4O-38,4  =«  2703,36  kg. 


SECTION  7.  SPECIPIC  THRUST  OP  AN  ENGINE 

The  usual  accepted  evaluation  of  the  operating  economy  of  a  ZhRD 
on  a  given  fuel  and  on  the  corresponding  regime  Is  by  the  magnitude  of 
specific  thrust . 

In  calculating  the  characteristics  of  a  liquid-fueled  rocket  en- 
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Pig.  4. 12.  Rated  depend¬ 
ence  of  absolute  thrust, 
specific  thrust,  and  spe¬ 
cific  consumption  on 
flight  altitude.  1) 

kg  thrust/(kg  fuel/sec); 
2}  kg  fuel/sec  per 

kg  thrust. 


glne  for  evaluation  of  the  fuel  used  In 
It  and  the  quality  of  the  operating 
cycle,  the  magnitude  of  the  specific 
thrust,  depending  on  the  regime  and  op¬ 
erating  conditions  of  the  engine,  should 
be  determined  by  taking  Into  considera¬ 
tion  the  per-second  fuel-conqponent  flow 
rate  to  the  combustion  chamber  and  the 
flow  rates  for  servicing  the  fuel-feed 
system  and  forming  the  protective  curtain 
around  the  surface  of  the  engine- cham¬ 
ber  burner  liner. 


Calciilatlons  show  that  the  specific  thrust  of  an  engine  Is  quite 
dependent  on  flight  altitude  H  of  the  weapon  (see  Pig.  4.12);  the  less 
pressure  Pj^  In  the  combustion  chamber,  the  greater  the  dependence  of 

fud 

Considering  the  above,  one  should  distinguish  the  specific  thrust 
of  the  chamber  only  and  of  the  engine  as  a  whole,  l.e., 

1.  The  engine  chaunber: 

a)  In  general 


P  ^PfO'  (4.l8) 

b)  when  the  nozzle  Is  operating  In  the  optimum  regime  (p^  =  p^^) , 


c)  when  the  nozzle  operates  In  a  nonoptimvun  regime  (p^ 

d)  when  operating  at  ground  or  sea  level  (H  =  0) 


Pyu*-PJO^  ** 

*^^yfl.H“  ^ud.n  ~  ^udel’nyy.neoptlmal'nyy  ~  ^specific. nonoptimum*  ^ 
**^^yfl.o  “  ^ud.O  ~  ^udel'nyy.O  “  ^specific. (H-)  zero’ ^ 
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e)  when  operating  in  space  (p^^  =  O) ,  =  Pp/®s' 

2.  The  engine  as  a  whole: 

a)  in  general 

b)  when  the  nozzle  is  operating  in  a  nonoptimum  regime  (p^^p^), 

Pn»m"*Ptm'Gti 

c)  when  operating  at  ground  or  sea  level  (H  =  O) 

d)  when  operating  in  space  (p^  =  O) ,  P^dSp  ^  ^Zp^^S* 

The  specific  thrust  of  an  engine  chamber  when  operating  in  space 
may  also  be  expressed  by  the  formula 

P,,.  ,=^PJOs^pJ^„KjO,=^K^ 

where  p  =  is  the  actual  gas-pressure  Impulse  in  the  combus¬ 

tion  chamber  in  kg-sec/kg. 

Thus,  the  specific  thrust  of  an  engine  chamber,  when  the  nozzle 
is  operating  in  a  nonoptimum  regime  (p^  ^  p^^),  will  be 

f 

where  f^^  ^  is  the  true  specific  area  of  the  exhaust  section 

of  the  chamber  nozzle  in  kg/cra^;  and  f^  =  is  the  relative  area 

of  the  exhaust  section  of  the  chamber  nozzle. 

In  liquid-fueled  rocket  engine  theory,  there  is  also  an  accepted 
distinction  of  the  theoretical  specific  thrust  of  an  engine  chamber: 

P  J»  ** 

Since  the  actual  operating  characteristics  of  a  chamber  may  be 


t 


*^^yfl.B~  ^ud.v  “  ^udel’nyy. vykhod  ^specif Ic. outlet*  ^ 
^specific,  theoretical*  ^ 
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e:}q)resBed  In  the  following  manner  by  means  of  the  corresponding  the¬ 
oretical  characteristics  computed  during  the  thermodynamic  computation 
of  the  engine; 

the  specific  thrust  of  the  engine  chamber  may  be  determined  thus; 


“*  ■J'  (P»  “Pi)» 


Where  Is  the  gas-*pres3ure  coefficient  (correction  factor)  for 

Pk  ^ 

the  engine  combustion  chamber;  and  =  w^g  and  ^  =  w^  ^/g  are 
the  true  and  theoretical  dynamic  specific  thrusts,  respectively,  of 
the  engine  chamber. 

The  chamber's  specific  thrust  P^^  d\irlng  nonoptimum  nozzle  op¬ 
eration,  may  be  converted  Into  the  specific  thrust  P^^  during  op- 
tlmxrni  nozzle  operation  according  to  the  formula 


|/  SzT 

r  i-(A/f»)  "  kg  thrust 
r*^  !>.■  y  ^  kg- fuel/sec* 

Y  l-ipJKi  • 

In  accordance  with  an  analogous  formula,  one  may  evaluate  the 


)ra.oaT' 


(4.19*) 


specific  thrusts  of  engines  operating  at  various  values  of  pj^  and  the 
same  values  of  p^.  The  magnitude  of  specific  thrust  Is  affected  by  the 
regime  and  operating  conditions  of  the  engine.  Its  design  particulars, 
and  other  factors,  such  as: 

1)  type  of  fuel.  Its  composition,  and  method  of  atomization; 

2)  pressure  In  the  combustion  chamber; 

3)  level  of  gas  expansion  In  the  nozzle; 

4)  shape  and  dimensions  of  the  combustion  chamber; 

5)  engine-nozzle  divergence  angle  and  configuration; 


<P 

^chamber 


.] 
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6)  relative  area  (f^  =  of  the  combustion  chamber; 

7)  engine  cooling  system; 

8)  nature  of  the  methods  used  to  protect  the  chamber  liner  and 
nozzle  liner  from  overheating; 

9)  propellant-feed  system.  Its  design  and  performance,  and  op¬ 
erating  economy; 

10)  pressure  at  which  fuel  Is  fed  to  the  combustion  chamber; 

11)  flight  altitude  (see  Pig.  4.12),  etc. 

By  the  Improvement  of  vaporization  and  mixing  of  fuel  components, 
and  by  eliminating  enrichment  of  the  peripheral  spray  with  combustible, 
which  Is  often  used  to  protect  the  chamber  liner  from  overheating,  as 
well  as  using  a  number  of  other  methods,  one  may  considerably  Increase 
an  engine's  specific  thrust. 

When  raising  the  pressure  In  the  combustion  chamber  to  Pj^  ®  60 
atm  abs,  at  first  the  specific  thrust  Increases  sharply,  from  60  to 
100  atm  abs  Its  growth  gradually  slows  down,  and  at  about  200  atm  abs 
It  remains  almost  constant  (Figs.  4.13  and  4.14). 

Increasing  by  raising  Pj^  above  a  certain  value  Is  limited  In 
practice.  Raising  Pj^,  other  things  being  equal,  causes: 

1)  decrease  in  the  external  dimensions  of  the  combustion  chamber 
because  of  the  smaller  specific  volume  of  the  fuel  combustion  products 
formed; 

2)  Increase  in  the  thermal  efficiency  of  the  engine  because  of 
the  Increase  in  the  gas- pres^sure  difference  In  the  nozzle; 

3)  Increasing  the  heat  liberation  coefficient  9^^  of  the  fuel  In 
the  combustion  chamber  as  a  consequence  of  the  Intensification  In  the 
working  cycle  by  decreasing  the  dissociation  of  the  gases  and  Increas- 
Ing  the  physical  coefficient  9p  of  completeness  of  fuel  combustion, 

^p. k  *  ^polnota. kamera  “  ^completeness  (of  combustion),  chamber* 
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Pig.  4.13.  Dependence  of  an  engine’s 
theoretical  specific  thrust  on  combus¬ 
tion  chamber  pressure  for  several 
fuels  when  p^  =  1  atm  abs  and  a  -  0.8. 

1)  kg  thrust/(kg  fuel/sec);  2) 

kerosene  +  60^  HNO^  +  40J^  NgO^;  3) 

Tonka-250  +  805^  HNO^  +  205^  NgO^^;  4) 

kerosene  +  SOJ^  HNO^  +  SOJ^  NgO^^;  5) 

kerosene  +  HNO^;  6)  Pj^,  atm  abs. 


Pig.  4. 14.  Theoretical 
specific  engine  thrust  as 
dependent  on  comb'ustlon 
chamber  pressure  for  sev¬ 
eral  fuels  when  p^  «  1 

atm  abs  and  a  «  0. 8.  1) 
kg  thrust  per 

kg  fuel/sec;  2)  kerosene 
and  liquid  oxygen;  3) 
ethyl  alcohol  and  liquid 
oxygen;  4)  kerosene  +  60J^ 
HNO^  +  4oj6  NgO/^;  5)  kero¬ 
sene  +  nitric  acid; 

6)  ^  atm  abs. 


which.  In  conjunction  with  the  first 
factor.  Increases  the  velocity  of  the 
gases  In  the  nozzle  exhaust  and,  propor¬ 
tionally,  the  specific  thrust  of  the  en¬ 
gine; 

4)  decreasing  the  time  the 

fuel  remains  In  the  combustion  chamber, 
which  also  decreases  Its  required  volume, 
dimensions,  and  weight. 

However,  beginning  at  some  magnl- 
tude  of  Pj^,  Increasing  It  further  does 
not  give  noticeable  advantages. 

On  the  other  hand,  raising  p^  ba¬ 
sically  leads  to  the  following  phenomena: 


^prebyvanlye 


^stay*  ^ 
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1)  raising  the  temperature  in  the  engine  combustion  chamber  and 
complication  of  its  cooling  system; 

2)  changing  the  engine-chamber  nozzle  length  due  to  the 
necessity  for  setting  up  a  great  gas-pressure  difference  across  the 
nozzle ; 

3)  Increasing  the  weight  of  the  engine  as  the  consequence  of  the 
requirement  for  greater  strength  of  the  combustion  chamber,  nozzle, 
and  other  elements  of  the  engine; 

4)  increasing  the  energy  losses  in  supplying  fuel  to  the  combus¬ 
tion  chamber  under  a  great  pressure  head,  and 

5)  increasing  the  cost  of  the  engine. 

In  practice,  gas  pressure  in  the  engine  combustion  chamber  is 
chosen  in  each  separate  case  on  the  basis  of  comparative  calculations 
showing  its  effect  on  specific  thrust,  dimensions  and  weight  of  the 
chamber  and  propellant -feed  system  of  the  engine,  on  the  possibility 
of  effective  cooling  of  the  engine,  etc. 

In  future  engines,  one  may  esq^ect  an  increase  in  the  ratio 
Pjj/Py  means  of  increasing  pj^  and  decreasing  p^,  which  is  especially 
suitable  for  long-range  missiles  and  some  types  of  aircraft.* 

The  design  of  reaction  engines  with  a  combustion  chamber  pressure 
of  up  to  100-200  atm  abs  and  above  is  entirely  possible,  when  atomic 
reactors.  Intended  for  using  the  heat  of  nuclear  reactions,  are  con¬ 
structed. 

The  most  radical  method  of  increasing  Pud  is  the  use  of  exotic 
fuels.  However,  this  rneeuis  of  increasing  fud  leads  to  an  Increase  in 
Tj^,  which  considerably  conqjllcates  the  problem  of  cooling  the  engine. 

Calculations  show  that,  in  practice,  the  possible  limit  of  In- 


*Problems  of  Rocket  Engineering,  Nos.  1  and  2,  1954,  IL. 
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creasing  by  means  of  the  chemical  energy  of  the  fuel  Is  about  350 
to  450  kg -thrust /(kg -fuel/sec). 

Magnitude  of  specific  thrust,  cheu:‘acterlzlng  the  engine's  operat¬ 
ing  economy,  does  not  reveal  the  specific  nature  of  the  heat  process 
occurring  In  the  combustion  chamber  and  In  the  engine  nozzle,  or  the 
cycle's  reserves  for  Increasing  operating  economy.  In  this  relation¬ 
ship,  the  engine  efficiencies  are  the  best  Indices. 

Ground -level  data  for  specific  thrust  have  considerable  value  only 
for  low -altitude  engines. 

The  specific  thrust  In  space  should  be  considered  the  basic  char¬ 
acteristic  of  the  operating  economy  of  hlgh-altltude  ghgD. 

The  most  complete  characteristic  of  the  operating  economy  for  a 
hlgh-altltude  engine  Is  Its  mean  specific  thrust  with  regard  to  the 
trajectory  of  the  flight,  expressed  by  the  formula 


kg  thrust  - 
o,  kg  iSiel/sec* 


(4. 19”) 


where  p_  __  Is  the  mean  atmospheric  pressure  In  atm  abs  along  the  tra- 

oLe  DX* 

Jectory  of  the  flight. 


SECTION  8.  FUEL  PLOW  RATES  IN  AN  ENGINE 

To  determine  the  dimensions  of  a  combustion  chamber,  chamber 
burner  cup,  fuel  tanks,  and  propellant -feed  system,  also  Including 
start-control  devices,  one  must  know  the  per-second  flow  rate  of 
the  fuel  components  In  the  engine  Into  the  chamber  and  for  supplying 
the  feed  system. 

In  a  llquld-propellant  rocket  engine.  In  general,  we  accept  the 
distinction  of  the  following  per-second  fuel  flow  rates: 

#rp  V  p  s  p  V  p 

yfl.cp  ud. sr  udel 'nyy. srednyaya  specific. mean^ 

^a.cp  "  ^a.  sr  “  ^atmosf era,  srednyaya  *  ^^atmosphere.mean*  ^ 
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1)  basic  —  in  the  engine  combustion  chamber  when  it  is  operating 
in  a  given  regime  0_  in  kg/sec; 

2)  starting  —  in  the  combustion  chamber,  corresponding  to  the 
operating  regime  of  the  engine  at  the  first  starting  stage,  Og  p*  in 
kg/sec; 

3)  auxiliary  —  in  servicing  the  propellant-feed  system  (TgA,  Zh^) 
O'g  in  kg/sec. 

The  per-second  propellant  flow  rate  to  the  combustion  chamber, 
when  the  engine  is  operating  on  the  corresponding  operating  regime,  is 
determined  in  accordance  with  the  formula 


kg/sec. 


(4.20) 


In  planning  and  designing  an  engine,  it  is  necessary  to  know  the 


relationships  between  the  per-second  propellant -flow  rate  0^  into  the 

chamber,  the  magnitude  of  the  area  of  the  cross  section  of 

the  nozzle  throat  and  the  parameters  of  the  gases  at  the  entrance  to 


the  nozzle  from  the  combustion  chamber. 


aasdynamics  give  the  following  Interdependence  between  Og,  Pj^, 
and  the  parameters  of  the  gas  at  the  entrance  into  the  nozzle  of  a 

s&ee’ 


(4.  21) 


'"'W- V  kg/B.o 

or  (4.21] 

where  &  coefficient  which  is  only 

slightly  dependent  on  polytroplc  exponent  n  (when  n  is  increased  from 
1.1  to  1.2,  the  magnitude  of  A  is  increased  from  1.98  to  2.03);  and 
e  -V^/A  “  Pjc^kr^^s'  specific  Impulse  of  the  pressure  of  the 


*^®s  n  *  ®s  p  “  ®s  puskovoy  *  ®s  starting*^ 
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gases  in  the  combustion  chamber,  which  characterizes  the  properties  of 
the  propellant  and  the  completeness  of  its  combustion. 

In  the  case  of  decrease  in  gas  pressure  along  the  length  of  the 
combustion  chamber  we  have 

kg/sec.  (4.22) 

These  formulas  show  that  under  conditions  of  constant  temperature 
and  coi^positlon  of  the  products  of  propellant  combustion,  the 
values  of  pj^  and  change  in  direct  proportion  to  the  change  in  0^. 

Using  these  formulas  with  the  asstimptlon  mentioned,  one  may  com¬ 
pute  the  dependence  of  0^  on  Pj^  or  Pj^,  and  of  thrust  P  on  0^  or  Pj^, 
and  construct  the  graphs  accordingly. 

Por  engines  of  great  thrust,  great  per-second  propellant- flow 
rates  are  required,  which  is  one  of  the  basic  difficulties  in  the 
field  of  development  of  such  engines. 

The  per-second  flow  rates  of  the  oxidizer  and  combustible  are  de¬ 
termined  from  the  equation  of  the  summary  propellant- flow  rate  to  the 
combustion  chamber: 

*  Go  r,  +  Cfo  «  kg/sec;* 
s  s  g  s  o  ’ 

bearing  in  mind  that  Gg  o  “  ^®s  g*  obtain 

G,-0.,+xG,r-G„(I+x).  (4.23) 

whence 


Ikg/sec; 


Q 

'•  1+1 


kg/sec. 


(4.24) 


where  X  “  Gg  ^/Og  g,  the  true  weight  coefficient  of  the  propellant 


#[G 


Sr 
*s  o 


®s  g  “  ®s  goryuchyeye  *  ®s  combustible* 
®s  o  “  ®s  oklslltel '  "  ®s  oxidizer*  ^ 
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compound. 

The  per-second  flow  rates  of  the  oxidizer  and  combustible  to  the 
combustion  chamber  of  the  engine  may  also  be  determined  In  accordance 
with  the  formulas: 


/Wsecj 
^4t’^gA  *  kg/sec. 


(4.25) 


where  g  and  g  are  the  weight  proportions  of  the  propellant  compo- 
nents  In  kg/kg. 

Some  engines  of  great  thrusts  Intended  for  long-range  missiles 
are  made  with  two  stages  of  thrust,  the  starting  suid  operating  stages. 
For  example,  the  A-4  engine  has  a  starting  and  final  thrust  of  8  tons 
and  an  operating  thrust  of  26  tons.  Shifting  the  engine  from  the  first 
stage  to  the  second  Is  carried  out  after  It  has  worked  up  normally  to 
the  previous  starting  stage. 

A  starting  stage  of  thrust  Is  Introduced  for  the  purpose  of 
starting  the  engine  with  a  per-second  propellant-flow  rate  to  the 
combustion  chamber  which  Is  less  than  the  flow  rate  In  the  operating 
regime  (resembling  the  A-4  engine),  8uid,  by  the  same  means,  avoiding 
possible  engine  explosion  during  Ignition  of  the  propellant  mixture 
which  has  accumulated  In  the  combustion  chamber  In  case  of  a  malfunc¬ 
tion  In  Igniting  the  propellant  during  starting. 

In  some  existing  engines  for  long-range  missiles  starting  flow 
rate  Og  p  »  20-305^*  of  Qg. 

The  per-second  propellant-flow  rate  O'g  In  servicing  the  fuel- 
feed  system,  when  operating  in  a  rated  regime,  amounts  to  about  1.5-35^ 
of  the  per-second  propellant-flow  rate  Qg  to  the  engine  combustion 
chamber. 

VIhen  engine  thrust  Is  decreased  by  means  of  throttling  the  per- 
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second  propellant-flow  rate  to  the  combustion  chamber,  the  percentage 
of  the  propellant-flow  rate  used  to  start  the  turbine  of  the  pump  as¬ 
sembly  grows  as  a  consequence  of  the  disruption,  by  this  means,  of  the 
optimum  operating  conditions  of  the  gas  generator  and  turbine  of  the 
propellant -feed  system.  For  example,  with  an  engine  thrust  equal  to 
20^  of  the  rated  value,  the  propellant-flow  rate  for  starting  the 
may  amount  to  10^  of  Qg. 

The  operating  economy  of  the  engine  Is  sometimes  evaluated  by  the 
magnitude  of  the  specific  fuel  consumption: 

l)  per  kg  of  thrust,  per  hour 


C„» -^3600— -^^8600— kg -fuel/kg-thrust,  (^*26) 

2)  per  thrust-hour 

Cp— ^3600-^a600-C„^kg/hp-hr,  (4.27) 

where  V  Is  the  missile's  flight  speed  In  m/sec. 

The  specific  fuel  consungjtlon  in  a  depends  to  a  consider¬ 

able  degree  on  the  quality  of  the  propellant  Itself. 


The  theoretical  specific  consumptions  for  some  fuels  In  a 
at  an  optimum  ratio  of  components,  pj^  =  40  atm  abs  and  Py  =  1  atm  abs. 


ha\e  the  following  approximate  values : 


1) 

I 


4) 

5) 

6) 

9, 

10 


kerosene  +  985^  nitric  acid . 

Tonka-250  and  985^  nitric  acid . 

kerosene  +  605^  of  985^  concentration  HNO^  +  4oj^ 

N2O4 . 

Tonka-250  +  605^  of  985^  HNO-  +  40}^  NgO^^ . 

dlmazlne  (MIO)*  +  60$^  of  985^  HNO^  and  40J^  NgO^^. 

93*  5^  ethyl  alcohol  +  liquid  oxygen . 

kerosene  +  liquid  oxygen . 

hydrazine  +  chlorine  trifluoride . 

dlmazlne  (IM})  +  liquid  oxygen . 

hydrazine  +  liquid  oxygen . 


kg/m-sec 

4. 35 
4. 09 


3. 98 


3.95 


3. 82 

3.68 

3.56 


3.  51 
3.41 

3.36 


♦[flur  ■  DMO  «  dlmetll  gldrazln  »  unsymmetrlcal  dimethyl  hydrazine  — 
UTMH  (dlmazlne).  ] 
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11)  hydrazine  +  nitrogen  trifluoride. 


kerosene  +  fluorine  monoxide 
ammonia  +  liquid  fluorine. . . 
hydrazine  +  liquid  fluorine. 


3. 24 
3.  00 
2. 92 
2.  90 


Th''.  figures  indicated  show  that  fluorine  engines  have  a  rela¬ 
tively  small  specific  fuel  consumptioi  which  is  explained  by  the  higher 
of  the  propellant  based  on  fluorine. 

By  increasing  flight  altitude,  specific  fuel  constimption  is  de¬ 
creased  in  inverse  proportion  to  if  the  inertia  load  is  ignored. 

Specific  fuel  consumption  when  the  engine  is  operating  on  a  given 
regime  in  apace  is  independent  of  flight  altitude  and  is  of  a  con¬ 
stant  magnitude. 

One  may  consider  that  a  savings  in  fuel  consumption,  other  con¬ 
ditions  being  equal,  would  increase  the  payload  of  a  missile  by  ap¬ 
proximately  lOJ^. 

Example  2.  An  engine  develops  a  thrust  of  1000  kg  at  a  per-second 
fuel-flow  rate  to  the  combustion  chamber  of  4. 86  kg.  Determine  the 
specific  fuel  consumption  in  the  engine. 

Solution. 

1)  specific  thrust  of  the  engine 

=  P/Og  =  1000/4.86  =  206  kg-thrust/(kg-fuel/Bec) ; 

2)  specific  fuel  consumption 

=  ^/^ud  “  V206  =  0.00485  (kg-fuel/sec) /kg -thrust  = 

=  4.85  (kg-fuel/Bec)/m-thrust. 


SECTION  9.  METHODS  AND  LIMITS  OP  REOULATINC  ENGINE  THRUST 

In  some  cases  in  a  the  requirement  arises  for  the  possibility 
of  regulating  the  magnitude  of  thrust  within  greater  or  smaller  limits. 
This  may  be  required,  for  example,  to  accomplish  a  given  rule  for 
changing  the  thrust  and  acceleration  of  the  rocket  from  time  to  time. 


i 
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Obtaining  a  given  flight  speed  at  the  Inst  amt  the  engine  is  cut  off, 
or  compensating  the  changes  in  the  characteristics  of  the  engine  units 
and  the  change  in  the  atmospheric  pressure  with  altitude,  to  ensure  an 
optimum  operating  regime,  and  by  this  means  to  obtain  the  best  thrust 
cheu'acterlstlcs. 

A  liquid-propellant  rocket  engine  with  an  invariable  per -second 
fuel-flow  rate  to  the  combustion  chamber  gives  the  missile  a  flight  of 
changing  acceleration,  because  of  the  decrease  in  the  back  pressure  of 
the  atmosphere  with  rise  in  altitude  (increase  of  the  static  thrust 
component)  and  the  decrease  of  the  missile's  weight  as  fuel  components 
are  consvimed  in  the  missile.  In  practice,  for  the  flight  of  ballistic 
rockets  in  an  atmosphere  of  fixed  density,  a  flight  with  constant  ac¬ 
celeration  may  be  more  practicable,  which  may  be  accomplished  by  regu¬ 
lating  the  engine  thrust.  During  these  rockets’  flight  in  space,  it  is 
advantageous  to  have  an  engine  with  constant  thrust.  Calculations  show 
that  to  obtain  the  best  flight  characteristics  for  rockets  of  various 
designations,  it  is  necessary  to  regulate  the  engine  thrust  from 
time  to  time  in  accordance  with  a  set  of  optimum  rules.  This 
permits  a  considerable  increase  of  the  payload  of  the  rocket  in  com¬ 
parison  with  its  value  during  a  flight  with  constant  thrust. 

In  cases  of  application  of  ZhgD  for  piloted  aircraft,  the  regula¬ 
tion  of  their  thrust  from  time  to  time  must  be  carried  out  in  accord¬ 
ance  with  the  most  advantageous  climb  conditions,  for  providing  maxi¬ 
mum  speed,  range,  and  duration  of  flight.  For  example,  to  obtain  the 
maximum  flight  speed  of  an  aircraft,  the  greatest  possible  engine 
thrust  is  required,  while  for  maximum  range  and  duration  of  flight  it 
is  necessany  for  the  engine  to  operate  with  a  relatively  small  thrust. 
For  an  aircraft's  flight  in  cruising  regimes  and  at  high  altitudes, 
one  may  regulate  the  thrust  in  order  to  provide  the  optimum  expansion 
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of  gases  In  the  chamber  nozzle. 

In  practice,  regulating  the  thrust  of  a  Zljgg  may  be  accomplished 
by  means  of: 

1)  changing  the  per-second  fuel-flow  rate  to  the  combustion  cham¬ 
ber  (throttle  control  of  the  engine),  l.e. ,  changing  the  pressure  In 
it; 

2)  switching  separate  combustion  chambers  in  or  out  of  operation, 
if  the  engine  Is  multlchambered. 

It  Is  possible  to  change  the  per-second  fuel-flow  rate  to  the 
combustion  chamber  of  an  engine  by  means  of: 

a)  changing  the  fuel-flow  pressure  to  the  combustion  chamber 
throiigh  a  constant  number  of  Injectors;  for  example,  regulating  the 
fuel  feed  to  the  gas  generator,  as  a  result  of  vftilch  the  number  of 
revolutions  of  the  turbine  and  the  capacity  of  the  pumps  of  the  fuel- 
feed  system  of  the  engine  are  changed; 

b)  adaptation  of  rotary  valves  (resembling  the  EMW-R3386  engine), 
by  means  of  vdilch  part  of  the  Injector  orifices  In  the  combustion- 
chamber  head  are  opened  or  closed  as  necessary  for  feeding  fuel; 

c)  adaptation  of  a  group-injector  system  for  the  same  purpose 
(resembling  the  "Walther"  109-509A  engine),  permitting  switching  of 
separate  groups  of  fuel  Injectors  in  or  out  of  operation  as  convenient. 

In  the  BWir-R3386  engine,  turning  the  regulating  valves  Is  accom¬ 
plished,  depending  on  change  of  altitude  auid  flight  speed,  by  a  spe¬ 
cial  automatic  device  for  keeping  a  constant  Mach  number.  In  the  "Wal- 
ther”  IO9-309A  engine,  the  chamber  has  12  Injectors  of  the  flat-spray 
type.  All  of  these  Injectors  are  connected  In  two  groups  of  three  In¬ 
jectors  each  and  one  of  six  Injectors.  The  pilot  controls  the  opera¬ 
tions  of  these  groups  of  Injectors  as  convenient. 

The  throttle  control  method  of  regulating  the  thrust  of  a  gjfig  l8 
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the  simplest,  but  it  is  extremely  uneconomical,  since  by  increase  or 
decrease  of  the  per-second  fuel- flow  rate  to  the  combustion  chamber  in 
relationship  to  its  optimum  value,  the  following  factors  deteriorate: 

1)  the  processes  of  vaporization  and  mixing  of  the  fuel  compo¬ 
nents,  because  of  the  change  in  the  normal  pressure  difference  of  the 
components  in  the  injectors; 

2)  the  quality  of  the  cycle  in  the  engine  chamber,  as  a  conse¬ 
quence  of  a  decrease  in  the  pressure  of  the  gases  in  it,  deterioration 
in  the  quality  of  vaporization,  and  the  fact  that  the  volume  of  the 
combustion  chamber  and  the  dimensions  of  the  nozzle  do  not  correspond 
to  the  changed  per-second  fuel- flow  rate; 

3)  the  state  of  engine  chamber  cooling  by  the  regenera¬ 
tive  method,  especially  when  one  of  the  propellant  components  serves 
as  the  coolant;  this  may  lead  to  overheating  and  even  burning  out  the 
inner  liner  of  the  chamber  as  a  consequence  of  the  decreased  amount  of 
fuel  because  of  the  decreased  thrust  and,  hence,  deterioration  in  the 
conditions  of  heat  transfer  to  the  liner,  which  do  not  correspond  to 
the  changed  thermal  operating  regime  of  the  engine. 

Besides  this,  the  pressure  in  the  combustion  chamber  is  lowered 
by  a  decrease  in  the  fuel- flow  rate,  and  therefore  the  level  of  dis¬ 
sociation  of  the  products  of  combustion  is  increased,  which,  in  gen¬ 
eral,  decreases  the  specific  thrust  of  the  engine  and  disrupts  the  sta¬ 
bility  of  its  operation. 

This  shows  that  regulating  the  thrust  of  an  engine  by  throttle 
control  may  be  practicable  only  within  comparatively  narrow  limits. 

Loss  of  specific  thrust  by  throttle  control  of  the  fuel-flow 

rate  to  the  chamber  of  the  engine  depends  on  flight  altitude  and  in¬ 
tensity  of  throttling.  With  an  increase  in  altitude,  the  loss  de¬ 

creases,  and  in  space  is  theoretically  equal  to  zero.  One  may  consider 
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that  a  five-fold  decrease  In  the  engine  chamber's  thrust  by  throttle 
control  at  sea  level  Is  accompanied  by  a  decrease  In  the  specific 
thrust  of  almost  20$^,  and  losses  In  thrust  of  approximately  of  nom¬ 
inal  value. 

Decreasing  the  loss  in  specific  thrust,  which  is  conditional  upon 
the  decrease  of  the  pressure  difference  In  the  Injectors  because  of 
throttle  control  of  the  fuel-flow  rate.  Is  possible  by  regulating  the 
thrust  by  means  of  application  of  the  above -Client  loned  roteu?y  valves  or 
by  a  group  system  of  Injectors.  In  these  methods  of  regulation,  those 
Injectors  which  are  not  switched  off  operate  at  rated  (optimum)  pres¬ 
sure  differences.  However,  such  thrust  regulation  Is  also  accompanied 
by  an  unavoidable  deterioration  In  the  method  used  In  cooling  the  en¬ 
gine  chamber,  because  of  the  reasons  mentioned  above.  Besides  this, 
switching  off  part  of  the  Injectors  does  not  provide  equal  distribu¬ 
tion  of  the  fuel  components  across  a  cross  section  of  the 
combustion  chamber,  the  propellant  combustion  In  the  relatively  large 
volume  of  the  chamber  deteriorates,  and  a  fusion  of  the  nonoperating 
part  of  the  Injectors  is  caused  as  the  consequence  of  the  Inflow  of 
gases  of  high  temperature  throvigh  them,  as  well  as  causing  some 
asymmetry  In  the  engine- chamber  thrust. 

Satisfactory  propellant-component  vaporization  during  regula¬ 
tion  of  engine  thrust  by  throttle  control  of  the  fuel-flow  rate  Is  made 
possible  by  using  Injectors  with  regulated  nozzles.  However,  such  In¬ 
jectors  are  con^llcated  In  construction. 

Nultlchambered  engines  permit  stage  regulation  of  thrust  by  cut¬ 
ting  the  separate  chambers  In  or  out  of  operation  In  the  optimum  re¬ 
gime  without  decreasing  the  operating  economy  of  the  engine.  However, 
multi chamber  (bloc)  engines  have  comparatively  complicated  fuel-feed 
systems  because  of  the  necessity  of  synchronizing  the  thrust  of  the 
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separate  chambers,  and  greater  dimensions.  In  changing  the  per-second 
fuel- flow  rate  to  the  combustion  chamber  of  engines  operating  with 
variable  thrust,  the  pressure  of  the  gases  In  the  chamber  must  be  con¬ 
stant;  considerable  decrease  in  Its  magnitude  leads  to  deterioration 
of  the  cycle  In  the  combustion  chamber,  to  the  origin  of  an  unstable 
propellant- combustion  regime,  and  other  unfavorable  consequences. 

Consequently,  regulating  the  thrust  of  a  by  means  of 

throttle  control  of  the  per-second  fuel-flow  rate  Is  accompanied  by  a 
decrease  In  the  operating  economy  of  the  engine,  disruption  of  the 
normal  conditions  of  chamber  cooling,  and  the  origination  of  unstable 
operation. 

The  lower  limit  for  reducing  the  thrust  of  an  engine  by  throttle 
control  of  the  fuel-flow  rate  may.  In  practice,  be  established  either 
by  the  given  coolant's  maximum  permissible  heat  In  the  chamber 
passage,  or  by  compression  waves  originating  In  the  gases  In 
the  nozzle,  which  may  take  place  when  the  ratio  of  the  pressures  of 
the  gases  In  the  outlet  from  the  nozzle  euid  In  the  atmospheric  air  Is 
about  Py/Pa  ^  0. 4. 

The  ratio  of  pressures  mentioned  above  shows  that.  In  practice, 
the  possible  Intensity  of  throttling  an  engine  for  changing  the  thrust, 
according  to  this  parameter.  Is  less  at  ground  level  and  at  low  al¬ 
titudes  than  at  high  altitudes.  One  may  consider  that  by  lowering  the 
thrust  and  the  pressure  of  the  gases  In  the  combustion  chamber  of  the 
engine  by  80$t,  the  ten^erature  of  the  coolant  may  be  raised  by  almost 
50}^. 

If  the  coolant  permits  only  em  Insignificant  rise  of  temperature, 
or  If  an  extremely  Intense  throttling  of  the  engine  chamber  Is  re¬ 
quired  for  decreasing  the  thrust,  then  It  may  become  necessary  to 
change  the  composition  of  the  propellant  for  decreasing  the  tenqpera- 
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ture  of  the  products  of  propellant  combustion  at  extremely  small  ; 

thrusts,  to  use  a  film  protection  against  overheating  of  the  chamber 
liner,  and  so  forth. 

Regulating  the  thrust  of  an  engine  below  lOJ^  of  Its  nominal  value 
Is,  in  practice.  Impossible  to  accomplish  because  of  the  Instability 
of  the  combustion  of  the  propellant  In  the  combustion  chamber,  exces¬ 
sive  Increase  in  the  temperature  of  the  coolant,  and  the  sharp  de¬ 
crease  In  specific  thrust.  In  some  existing  types  of  aircraft 
which  operate  on  nitric  acid  and  kerosene,  the  thrust  Is  regulated 
within  the  limits  of  30-100J^.  Somewhat  wider  limits  of  thrust  regula¬ 
tion  (12-100J^)  are  possible  for  engines  operating  on  hypergollc 
propellant  components  (Table  4.1). 

A  good  start-up  and  smooth  thrust  control  of  an  engine  within 
wide  limits  may  be  provided  only  by  preserving  the  necessary  propel¬ 
lant-component  ratio.  This  applies  also  to  the  composition  of  the  fuel 
used  to  operate  the  gas  generator.  If  these  conditions  are  not  ful¬ 
filled,  an  excessively  high  temperature  In  the  chamber  of  the  gas  gen¬ 
erator  or  uneven  combustion  may  take  place,  and  the  reaction  may  even 
stop. 

In  designing  any  system  for  regulating  an  engine,  it  Is  necessary 
to  consider  the  requirements  demanded  of  the  system  during  regimes  In 
launching,  normal  operation,  and  operation  at  the  Instant  of  propel¬ 
lant  cutoff.  In  general,  very  precise  regulation  of  all  three  operat¬ 
ing  regimes  of  the  engine  Is  desirable;  however,  the  designer's  poten¬ 
tialities  In  this  relationship  are  limited  for  reasons  of  a  practical 
nature. 

This  clrc\imstance  leads  to  the  emergence  of  new  problems,  pcu*- 
tlcularly  In  providing  pumps  of  identical  ch6a>acterlstlcs,  sind  to  the 
complication  of  the  system  of  regulation  (the  presence  of  several  feed- 
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TABLE  4. 1 

Limits  of  Thrust  Regulation  of  Some  Existing 


ZbOQ 

i) 

Mipica 

jBHriTexa 

s) 

HaaaaiicHiie 

XBMraTCM 

3)  _  ^ 

Caocoft 

peryxHpouHHa 

Tara 

,  Tara  XBararexa 

4)  nt 

Hpexeay 

peryaa* 

poBaaaa 

Tara 

7)** 

uaxcaa. 

5) 

naaMM. 

Q) 

.Bubrep* 

io»«nA 

^^HaOXOHHbli 

^^PpynnoBiie 

fopcyaaa 

1700 

200 

11.7 

^\^B-P3386 

caapfx 

^^OBoporaua 

aoaoraaaa 

300 

00 

15,7 

^^^pHnep* 

^^AohmhuK 

ll^cexMpoBaaae 

paexoxa 

3000 

430 

12.5 

l)  Brand  of  engine;  2)  purpose  of  engine;  3) 
method  of  thrust  regulation;  4)  engine  thrust, 
kg;  5)  maximum;  6)  minimum;  7)  limits  of 
thiust  regulation,  8)  "Walther”  109-509A; 

9)  aircraft;  10)  group  Injectors;  11) 

BMW-R3386;  12)  antiaircraft  missile;  13)  rotary- 
valves;  l4)  "Screamer”;  15)  aircraft;  16)  flow- 
rate  throttling. 

back  circuits).  The  use  of  a  bloc  of  single-chambered  engines  leads  to 
further  coi^pllcatlon  of  the  system  as  the  result  of  the  emergence  of 
several  regulation  circuits. 

Since  with  thiTust  regulated  In  accordance  with  a  fixed 

rule  are  very  complicated  In  structure,  their  application  has  turned 
out  to  be  Impractical  In  a  number  of  cases.  For  this  reason  the  thrust 
of  the  majority  of  the  contemporary  missiles  which  are  being  manufac¬ 
tured  Is  not  regulated.  The  engines  of  long-range  missiles  may  accom¬ 
plish  thrust  regulation  In  the  form  of  one  stage  during  launching  and 
several  seconds  before  engine  cutoff,  which  creates  the  necessity  of 
providing  reliable  starting  emd  stopping  of  the  engine  according  to  a 
given  program. 
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SECTION  10.  PLOW-RATE  CHARACTERISTICS  OP  AN  ENGINE 

The  dependence  of  absolute  and  specific  thrusts  (P  and  Pud)  of  an 
engine,  in  the  presence  of  fixed  values  of  altitude  6uid  flight  speed, 
on  the  pressure  p^^  in  the  combustion  chamber,  1.  e.  , 

P  and  P^^  =  ^‘(Pk)> 

is  called  the  flow-rate  or  throttle  characteristics  of  a  ghgg;  these 
characteristics  may  also  be  dependent  upon  the  factors  determining  the 
magnitude  of  its  presstire  pj^,  l.e.,  per-second  fuel-flow  rate  C|g[slc]  to 
the  combustion  chamber;  feed  pressure  p  of  the  propellant  components 
to  the  combustion  chamber;  and  number  of  revolutions  n  of  the  turbo - 
pump  unit,  if  one  is  Included  in  the  engine  fuel-feed  syetem,  and 
other  factors. 

By  means  of  the  flow-rate  characteristics,  the  most  advantageous 
operating  regime  of  the  engine  under  operating  conditions  is  ordin¬ 
arily  established,  and  the  practicability  and  limits  of  thrust  regula¬ 
tion  by  changing  the  per-second  propellcuit-flow  rate  to  the  combustion 
chamber  are  ascertained. 

Plow-rate  characteristics  of  a  in  accordance  with  the  pres¬ 

sure  of  the  gases  in  the  combustion  chamber,  may  be  constructed  in  ac¬ 
cordance  with  the  data  from  ground-level  tests  of  the  engine  on  a 
stand,  and  analytical  calculations  for  ground-level  or  arbitrary 
values  of  altitude  emd  flight  speed. 

Plow-rate  characteristics  for  an  engine  operating  on  a  test 
stand  are  usually  derived  from  an  Invariable  weight  ratio  of  the  pro¬ 
pellant  components.  Pulfllllng  this  condition,  with  the  changing  op¬ 
erating  regimes  of  an  engine  is,  in  practice,  extremely  difficult. 
Plow-rate  characteristics  may  also  be  derived  for  determining 
the  specific  thrust  of  an  engine  at  different  weight  ratios  of  the 
propellant  components. 
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In  practice,  one  may  calculate  flow-rate  cheu^act eristics  of  an 
engine  only  approximately,  since  one  cannot  precisely  evaluate  the  de¬ 
crease  In  the  heat-llberatlon  coefficient  <Pj^  of  the  fuel  and  the 
change  In  the  poly tropic  eaqjonent  n  of  the  expansion  of  the  gases  In 
the  nozzle,  because  of  the  change  In  the  per-second  flow  rate  G_  of 

O 

the  propellemt  to  the  combustion  chamber  In  relationship  to  Its  rated 
nominal  value  In  calculating  flow-rate  characteristics,  the 

values  of  q>^  and  n  are  assumed  as  being  constant,  and  equal  to  their 
values  when  the  engine  Is  operating  In  the  optimum  regime. 

Ignoring  changes  of  and  n,  these  ratios  are  found  In  accord¬ 
ance  with  the  flow-rate  characteristics  of  an  engine: 

Of 

0*p  A,’ 


Whence  C 


8 


®s  r(Pk/Pk.r)  Wsec; 


Pup  Pmp 


Whence  p^  -  PkPv.r/Pk.r 


^PtM 


it)' 


^Ps.p.r(V®5  -  ^Ps.p.rfVPk.r)®'  ^Pp.p. 


'S.p 


s.p  *^s.p.  r'  s'  s  r'  *^s.  p,  r''"K"'K.  r'  '  '^s.p.  r 

♦  are  the  sximmary  pressure  differences  of  the  fuel  In  the 


whence  Ap^ 

and  Ap, 

6 

pressurized  feed  system  of  the  engine  when  the  chamber  Is  operating  In 
rated  and  nonrated  operating  regimes,  respectively.  In  kg/cm^. 

Considering  these  ratios,  the  general  thrust  equation  of  an  en¬ 
gine  chamber  may  be  given  the  form 

•  t  Pm*  H* 


*[Ap 


^P, 


c.n  .p 


^P, 


s.p.r 


AP 


summarnyy.  perepekl.  raschetnyy 


svumnary.  difference,  rated' 


c.n 


^Psummary.  difference*  ^ 
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Replacing  the  constant  value  for  a  given  engine  r  + 

^v^v.  r/^k.  r  “  ^  expression,  we  will  finally  obtain  cui  equa¬ 

tion  for  computing  the  thrust  of  an  engine  under  chosen  values  of 
pressure  in  the  combustion  chamber: 

Since,  according  to  the  ratio  Pj^  »  (pj^  ^)ag  given  above,  the 
latter  equation  may  be  given  the  form 

o$t 

where  A'  «  (P<j[in  +  ®'v^v.r^/®s  r  constant  magnitude  for  the  given 

engine. 

The  per-second  propellant-flow  rate  0^  ^  to  the  combustion  cham¬ 
ber  when  the  engine  is  operating  in  a  rated  regime  is  determined  ac¬ 
cording  to  the  formulas  in  Section  8  of  this  chapter. 

The  thrust  of  the  engine  chamber  when  operating  in  space,  i. e. , 
when  Fypg^  ■  0,  is  determined  in  accordance  with  the  formulas: 

Pp  -  Ap^  or  Pp  -  A -03. 

These  formulas  show  that  when  the  engine  is  operating  in  space 
the  dependence  of  Pp  on  pj^  or  is  a  straight  line  passing  through 
the  beginning  of  the  coordinates,  and  when  operating  in  an  atmosphere 
it  is  a  straight  line  arranged  below  the  previous  line  due  to  the  effect 
of  PyPg^  (Pigs.  4.15  and  4.16).  One  must  bear  in  mind  that  the  flow- 
rate  characteristics  of  aui  engine,  in  real  conditions,  are  an  almost 
straight  line  only  until  a  propellant-flow  rate  to  the  chamber  equal 
to  about  30-40}^  of  nominal  is  achieved.  At  lower  propellant-flow  rates, 
the  flow-o?ate  characteristic  runs  along  a  sharply  increasing  ctorve 
with  its  left  branch  directed  downward. 

The  specific  thrust  of  an  engine  chamber,  with  a  corresponding 
value  of  pj^,  is  determined  in  accordance  with  the  formula 


\ 

i 


■} 


i 


I 
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Pig.  4. 15.  Typical  flow-rate  charac¬ 
teristics  of  an  engine  when  operating 
in  the  atmosphere  £uid  in  space,  l) 

H  =  00  —  space;  2)  H  =  »  —  space;  3) 
force  of  the  back  pressure  of  the  at¬ 
mospheric  air;  4)  rated  characteris¬ 
tics;  5)  experimental  characteristics. 


Of  Otp  0,p  Q,p  H  * 

P»~ 

For  a  given  engine,  the  relationship  Apj^  ^  is  of  constant 
magnitude.  Having  designated  it  as  B  ,  and  considering  that  in  space 
Po  "  0#  we  find  the  expression  for  the  operation  of  the  engine  in 

fit 

space: 

This  expression  shows  that,  assuming  constant  and  n,  according 
to  the  throttle  characteristics,  a  change  in  specific  thrust,  depend¬ 
ing  on  pj^  or  Og,  when  the  engine  is  operating  in  space,  is  a  horizon¬ 
tal  line  (see  Fig.  4. 13}> 

As  a  consequence  of  the  deterioration  in  the  operating  economy  of 
the  engine  because  of  the  change  in  Qg  in  relationship  to  Qg  ^  and  the 
presence  of  hydrodynamic  losses  in  the  energy  of  the  gases,  in  view  of 
the  operation  of  the  nozzle  under  optimum  conditions,  the  real  depend- 
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Pig,  4, 16.  Plow- rate 
characteristics  of  the 
A-4  engine  when  operating 
at  sea  levels  computed 
for  various  polytropic 
ejqx^nents  n.  l)  Pj^« 
atm  ahs. 


Pig.  4.17.  Approximate 
curves  of  rated  (solid 
line)  and  experimental 
(dotted  line)  flow- rate 
characteristics  of  en¬ 
gine  when  operating  at 
giround  level.  1)  Pj^, 
atm  abs. 


ence  of  thrust  on  pressure  In  the  com¬ 
bustion  chamber  Is  a  slightly  curved 
line,  almost  straight  (Pig.  4.17).  Since 
the  ciiTvature  of  this  line  is  extremely 
small,  when  there  is  a  lack  of  test- 
stand  data  for  an  engine,  one  may  fully 
rely  upon  the  calculated  flow-rate  char¬ 
acteristics. 

Calculation  of  a  change  in  an  en¬ 
gine's  thrust,  depending  on  Pj^,  may  be 
carried  out  by  meauis  of  the  nomogram  In 
Pig,  4. 10  by  the  following  method: 

1)  for  a  given  value  of  f^  = 

B  suid  a  chosen  magnitude  of  n, 

determine.  In  accordance  with  the  nomo¬ 
gram,  the  relationship  of  Pj^/Py  the 
thrust  coefficient  Kp  In  space; 

2)  for  every  chosen  value  of  Pj^, 
determine  =  Kp  —  ^y^a^Pk'  compute 
the  thrust  of  the  engine  In  accordance 
with  the  formula  ■  ^Pk^kr* 

On  the  basis  of  calculating  the  de- 
penaenoe  of  and  on  p^.  the  al- 

ready  well-known  general  formula  of  the 
thrust  of  an  engine  may  be  laid  down: 


"-I 


+  ^.  (/».-*  A). 


Por  computing  the  thrust  of  an  engine  In  accordance  with  this 


formula  at  chosen  values  of  Pj^  (for  example,  with  Pj^  ■  5#  10,  15,  20 
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atm  abs,  etc.)#  one  must  set  dovm  the  assumed  mean  values  for  the 
polytropic  exponent  n  and,  by  means  of  the  graphs  in  Pig.  3. 9#  deter¬ 
mine,  according  to  the  f^  =  given  engine,  and  the  chosen 

value  of  n,  the  relationship  of  Pj^/Py  and  then  of  p^. 

The  results  of  such  calculations  of  the  throttle  characteristics 
of  an  A-4  engine,  when  operating  at  sea  level  with  various  values  of  n, 
are  shown  In  Pig.  4. l6.  Por  this  engine,  f^  =  3*42. 

The  curves  of  this  flgtire  show  that  n  has  an  insignificant  influ¬ 
ence  on  the  throttle  characteristics  of  an  engine.  Por  example,  when 
n  Is  changed  from  1  to  1.6?#  the  thrust  of  an  A-4  engine,  at  a  given 
pj^.  Is  changed  by  approximately  10^.  Changing  n  at  an  invariable  value 
of  pj^  causes  a  decrease  In  the  engine's  thrust. 

Since,  with  corresponding  values  of  pj^,  it  is  Impossible  to  eval¬ 
uate  the  magnitude  of  the  polytropic  e^onent  n  of  the  expansion  of 
the  gases  In  the  nozzle  precisely,  in  this  case  the  results  of  the 
flow-rate  characteristics  of  the  engine  are  obtained  in  approximation. 

Por  existing  engines,  the  mean  value  of  n  may  be  determined  with 
sufficient  accuracy  by  the  magnitudes  of  p^  and  p^  meeusured  during  ex¬ 
periments. 

Por  construction  of  the  flow-rate  characteristics  of  an  engine 
chamber,  one  may  use  the  formulas: 

0#--~P.and/>  -A. 

Por  calculating  the  flow-rate  cheu^acterlstlcs  of  an  engine  in  ac¬ 
cordance  with  the  feed  pressure  p^  of  the  propellant  components  to  the 
combustion  chamber,  one  may  use  the  formula 

Engines  of  the  final  stages  of  multistage  missiles  must  begin  and 
end  their  operation  in  space.  This  circumstance  requires  knowledge  of 
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Pig.  4. l8.  Plow- rate  character¬ 
istics  of  an  engine  with  nonreg- 
ulated  and  with  Ideally  regu¬ 
lated  nozzle  In  accordance  with 
altitude.  1)  Engine  with  nozzle 
which  Is  not  regulated  In  accord¬ 
ance  with  flight  altitude;  2)  en¬ 
gine  with  Ideally  regulated  noz¬ 
zle.  a)  —  shortage  of 

thrust  because  of  underexpansion 
of  the  gases  In  the  nozzle;  B) 

-  shortage  of  thrust  be- 

cause  of  overexpansion  of  the 
gases  In  the  nozzle. 


the  flow-rate  characteristics  of  hlgh-altltude  and  super-hlgh-altltude 
engines  and  the  capability  of  constructing  them  on  the  basis  of  data 
from  ground-level  static  tests. 

Plgure  4. 18  shows  the  flow-rate  characteristics  of  a  Zt^  with  a 

nonregulated  hlgh-altltude  nozzle  In  accordance  with  flow-rate  G_ 

s 

(solid  lines)  and  with  an  Ideally  regulated  nozzle  In  accordeuice  with 
the  rated  conditions  of  operation  (when  p„  »  P-). 

V  s 

In  a  given  case,  when  deviates  from  the  rated  magnitude  G  . 

8  s  r 

nozzle  regulation  Is  accomplished  by  shortening  or  elongating  the 
nozzle.  Thus,  an  unregulated  engine  nozzle  operates  under  nonoptimum 
conditions,  l.e.  ,  the  gases  overexpand  or  underexpand  In  relationship 
to  the  surrounding  medlxun's  pressure  p„. 

Plgure  4. 19  shows  the  flow-rate  characteristics  of  a  low-altitude 
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Pig.  4, 19.  Plow-rate 
chau?acterlstlcs  of  a 


low-altitude  and  of  a 
high -altitude  engine. 
1)  Low-altitude  en¬ 
gine;  2)  high -alti¬ 
tude  engine.  A)  Q_, 

8 

kg/sec. 


and  of  a  hlgh-altltude  gJjgL  when  operating  In 
the  atmosphere  and  In  space  (the  dashed  lines 
refer  to  the  hlgh-altltude  engine). 

Comparing  the  rated  and  experimental 
flow-rate  characteristics  of  ^hgg  Is  possible 
only  if  they  are  reduced  to  the  same  condi¬ 
tions  (preferably  to  normal  conditions). 

The  following  approximate  characteris¬ 
tics  are  also  of  Interest  In  selecting  the 
most  advantageous  engine  operating  regime 
(Pig.  4.20): 

1)  the  dependence  of  specific  fuel  con¬ 
sumption  and  the  engine's  Internal  effi- 


I 


5)c, 

mcttt 

! 

b)  ISp^MUCM* 


\\ 

— — 

ij 

OOfiV 

« 

mp- 


Pig.  4.20.  Some  engine  cycle  parameters  as 
functions  of  combustion  chamber  pressure  and 
the  fuel's  excess  oxidation  coefficient.  1) 

а)  and  as  functions  of  Pj^;  2) 

to)  Qg  g,  Og  Pp  g,  and  Pp^^  as  functions  of 

Pk'  ®s*  ^ud'  ^p.  g*  ^p.  o  functions 

of  a;  4)  kg -thrust/(kg -fuel/sec);  5)  0_,  kg/sec; 

б)  Pjj,  kg/cm*^;  7)  Pp,  kg/cm"^;  8)  p,  atm  abs. 


clency  on  combustion  chamber  pressure  pj^; 

2)  the  dependence  of  the  per-second  flow  rates  of  the  combustible 

p_  _)and  oxidizer  0  „)to  the  combustion  chamber,  their  feed  pressures 
'  S  s  o 

(b_  _  and  p_  ^),  and  the  fuel's  excess  oxidation  coefficient  a  on  com- 

^  p*  g  p*  o  ^ 
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Pig.  4.21.  Rated 
flow-rate  engine 
characteristics  (ex¬ 
ample  No.  3).  1) 

atm  abs. 


Pig 


^  JO 
4. 22.  Rated  flow-rate  en¬ 


gine  characteristics,  l) 
kg -thrust/(kg -fuel/sec);  2) 
kg/cm^;  3)  0^,  kg/sec;  4)  p  , 
kg/ cm  . 


TABLE  4.2 


1)  /«.  **/«•«* 

20 

15 

10 

5 

2)Pmm 

3000 

2150 

1296 

445 

231 

210 

191 

131 

1)  kg/cm^;  2)  kg;  3)  P^^.n' 
kg -thrust/(kg -fuel/sec) . 


bustlon  chamber  pressure; 

3)  the  dependence  of  the  per-second  fuel-flow  rate  a_  to  the  com 

s 

bustlon  chamber,  fuel -component  supply  pressures  Pp  g  and  Pp  and 
absolute  P  and  specific  p^^  [sic]  engine  thrusts  on  the  excess  oxida¬ 
tion  coefficient  a. 

The  aggregate  of  the  different  flow-rate  and  altitude  character¬ 
istics  permits  sufficiently  accurate  evaluation  of  Zhgg  of  any  type 
and  design  from  the  viewpoint  of  per-second  fuel-flow  rate,  thrust,  op 
eratlng  efficiency,  and  those  requirements  which  are  demanded  for  the 
chamber,  fuel-feed  system  units,  and  engine  operation  regulation. 
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Example  3.  Calculate  the  flow-rate  characteristics  of  an  engine 
when  Pj^  =  20,  15,  10,  and  5  kg/cm^  for  a  V  =  0  and  H  =  0,  If  = 

^  =  3000  kg,  =  407.1  cm^,  =  20  kg/cm^,  Og  =  13-54  kg/sec,  and 

P^.r  =  1*00  kg/cm^. 

Solution. 

1.  At  the  given  Initial  data  for  the  engine,  the  flow-rate 
characteristic  computation  formulas  take  the  form 

=  170.  3Pk  -  ^07. 1  kg; 

Pud  n  “  251.1—  602/pj^  kg -thrust/ (kg -fuel/sec). 

2.  The  results  of  the  computations  for  absolute  and  specific 
thrust  for  the  given  gas  pressures  In  the  combustion  chamber  are  re¬ 
duced  In  Table  4.  2  and  presented  graphically  In  Pig.  4. 21. 

Plgure  4.22  shows  the  flow-rate  characteristics  of  an  engine  as  a 
function  of  fuel-feed  pressure,  with  a  rated  thrust  of  85OO  kg  at 
ground  level  and  a  specific  thrust  of  213  kg-thrust/(kg -fuel/sec) , 
combustion  chamber  pressure  of  22  atm  abs,  nozzle  outlet-section  pres¬ 
sure  1  atm  abs,  per-second  fuel-flow  rate  to  the  combustion  chamber 

39. 9  kg/sec,  and  pressure  difference  of  7.7  atm  abs  In  the  fuel  line. 

2 

The  chamber-nozzle  outlet-section  area  Is  1052  cm  . 

SECTION  11.  REAL  §1^  PLOW -RATE  CHARACTERISTICS 

Real  flow-rate  characteristics  may  be  constructed  In  accordance 
with  the  data  from  static  firing  tests,  1.  e.  ,  considering  the 

factual  values  of  the  different  additional  engine  parameters  which  af¬ 
fect  Its  operation  at  any  instant  of  time. 

During  an  engine's  operation  under  real  conditions,  the  following 
parameters,  which  affect  the  magnitudes  of  absolute  and  specific 
thrust,  are  changed: 

Si  1)  the  engine  operating  components'  (fuel  and  vapor -gas  genera- 


-  155  - 


-  r  •-?<;»  .  > 


tlon  devices)  specific  weights,  caused  by  their  temperature  change; 

2)  the  fuel  components '  pressure  head  to  the  pumps  In  accordance 
with  the  degree  of  their  consumption; 

3)  the  ratio  of  the  fuel  components  (their  weight  concentration); 

4)  the  gas -vapor  pressure  to  the  TNA  or  the  tank  pressure  In 
other  propellant -feed  systems,  and  similar. 

When  these  parameters  are  changed,  the  TNA  rpm  change  accordingly, 
as  well  as  the  working  componenti^  per-second  flow  rate  In  the  engine, 
combustion  chamber  pressure,  and,  consequently,  engine  thrust. 

ZhRD  flow-rate  and  altitude  characteristics  are  usually  computed 
at  these  parameters'  fixed  nominal  values.  They  are  always  differen¬ 
tiated  from  experimental  characteristics.  To  construct  precise  engine 
characteristics  by  calculations,  one  must  consider  an  engine's  change 
due  to  the  factors  mentioned  above;  thus,  the  following  system  of 
equations  Is  obtained: 


aO,  o—  ^  ^  A7,  ; 

a'  +  6' Vr +  r  AC,; 
A/»  =  /aO,  „  -f  mAa„  OA7,  +  +  rAG„  +  5Ac,, 


(4.28) 

are  the  changes  In  the  per-second  flow  rate  of 


where  ^  and  „ 
so  s  g 

the  oxidizer  and  the  combustible,  respectively.  In  kg/sec;  Ap^  and  Ap^ 
are  the  changes  of  fuel  components'  pressure  heads  to  the  pumps;  Ay^ 
and  A7  eu’e  the  changes  In  specific  weight  of  the  fuel  components; 

o 

AQ  *  Is  the  change  In  gas -vapor  flow  rate  In  kg/sec;  Ac,  Is  the  change 
in  nozzle  velocity  at  the  outlet  from  the  tu  turbine  nozzles,  deter¬ 
mined  by  the  change  In  temperature  and  composition  of  the  working 
fluid  during  gas -vapor  generation;  An  Is  the  change  in  rpm;  and 
a,b,c. . . ,a '  ,b '  ,c '. . .  are  constant  coefficients. 

Thus,  a  change  In  the  per-second  fuel-flow  rate  to  the  engine 

«  A0^„ _ -  Aa„„„  ] 


‘tn. 


PS 


parogaz 


gas  vapor 
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combustion  chamber  is  expressed  by  the  formula 


be 


-iO,-  AO,  ,  +  AO„  -  (a  +  fl')  Ap,  +  (A +»')  a;,,  +  (f +f')  A|.  + 

+  (e  +  /)AT,  +  (/+/')AO„  +  (/  +  i')Af,.  (4.29) 

The  change  In  the  weight  coefficient  of  the  fuel  composition  will 


O££+_AO£0_y  _ 

o.r+AO„  *•  (4.30) 


where  x  is  the  fuel- composition  coefficient  when  the  engine  is  operat¬ 
ing  in  a  nominal  regime  (when  all  changes  in  the  additional  parameters 
are  equal  to  zero). 

Thus,  a  change  in  engine  thrust  is  found  by  means  of  the  flow- 

rate  characteristics,  using  the  values  of  AG_  and  which  have  been 

s  X 

found. 

During  an  engine's  flight  at  various  altitudes,  with  great  vel¬ 
ocities  or  accelerations,  the  number  of  additional  factors  affecting 
the  engine's  operation  Increases. 

A  weapon's  acceleration  during  flight  depends  basically  on  the 
device's  weight  decrease  as  a  consequence  of  the  consvimptlon  of  the 
fuel  in  the  tanks  and  the  decrease  in  atmospheric  air  resisteuice  with 
Increased  altitude. 


SECTION  12.  ENGINE  ALTITUDE  CHARACTERISTICS 

For  practicable  use  of  an  engine,  it  is  Important  to  know  how  its 
chfiu’act eristics  are  changed  by  chemges  in  the  external  operating  con¬ 
ditions,  1. e. ,  altitude  H  and  flight  speed  V. 

The  dependence  of  absolute  P  and  specific  engine  thrusts  on 
flight  altitude  H,  at  a  fixed  combust  ion- chamber  pressure  Pj^  and  con¬ 
stant  flight  speed  V,  is  called  the  altitude  characteristics  of  a  ZhRD. 

Since  £ui  engine  may  operate  in  maximum,  nominal,  and  minimal 
thrust  regimes,  an  engine's  altitude  characteristics  must  be  con- 
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structed  for  several  combustion- chaunber  pres¬ 
sures  which  control  these  operating  regimes. 

Constructing  the  altitude  and  velocity- 
characteristics  of  a  ghgD  by  the  experimental 
method  is  attended  with  extremely  great  dif¬ 
ficulties,  since  the  use  of  very  complicated 
equipment  is  required  for  this  —  special 
wind  tunnels  and  pressure  chambers,  and 
providing  actual  operational  tests  for  the  en¬ 
gine  installed  in  a  missile  provided  with  ap¬ 
paratus  capable  of  measuring  the  required 
parameters  with  sufficient  accuracy.  There¬ 
fore  these  ZhgD  characteristics  are  usually 
constructed  by  the  calculation  method.  Thus»  precise  calculation  of 
these  characteristics  is  made  extremely  complicated  by  the  impossi¬ 
bility  of  precisely  evaluating  the  chsmge  in  atmospheric  air  pressure 
around  the  engine  and  behind  its  nozzle  during  changes  in  altitude  auid 
flight  speed. 

The  pressure  p.  of  the  surrounding  medium,  into  which  gases  flow 

A 

from  the  engine  nozzle,  is  the  basic  external  factor  affecting  the 
magnitudes  of  the  engine's  absolute  and  specific  thrusts.  This  pres¬ 
sure  is  changed  as  a  function  of  the  cheuige  in  altitude  and  flight 
speed. 

For  constructing  the  altitude  characteristics  of  a  ZtjQg,  Ignoring 
the  change  In  air  pressure  behind  the  engine  nozzle  as  a  consequence 
of  the  change  in  flight  speed  (the  engine's  ideal  altitude  character¬ 
istics),  we  may  take  the  values  of  p^,  as  a  function  of  flight  altitude, 
from  Table  4.3,  the  Standard  International  Atmosphere,  which  has  been 
computed  up  to  an  altitude  of  75  km. 

-  158  - 


1)  rtunepamupa'c 
■tSB  f  *200  *600  -rg 


‘V'irio’i 

Fig.  4.23.  Tempera¬ 
ture  and  pressure  In 
the  atmosphere  at 
altitudes  of  zero  to 
200  km.  1)  Tempera¬ 
ture,  °C;  2)  pres¬ 
sure;  3)  temperature; 
4)  altitude,  km;  5) 

pressure,  kg/m  . 


TABLE  4.3 

Standard  International  Atmosphere 


■ 

Bucora 

MM 

1) 

AaaaeHHe 

lUlCM^ 

2) 

Tennepa- 
Tjrpa  T 

3) 

Bmcoti 

KM 

1} _ 

AiaacHHC 

_2} _ 

TcMMpa- 

3) 

0 

1,033 

288 

16 

0,113 

216,5 

1 

0.917 

281,5 

17 

0,069 

216,5 

2 

0,811 

m 

18 

0,076 

216,5 

3 

0,715 

268,5 

19 

0,065 

216,5 

4 

0,620 

262 

20 

0,056 

216.5 

5 

0,550 

255,5 

21 

0,048 

216.5 

6 

0,481 

249 

22 

0,041 

216,5 

7 

0,418 

242,5 

23 

0,035 

216,5 

8 

0,363 

236 

24 

0,030 

216,5 

9 

0,314 

229.5 

25 

0,025 

216,5 

to 

0,289 

223 

26 

0,020 

216,5 

I) 

0,231 

216,5 

0,0124 

, 

12 

0.197 

216,5 

40 

0,003 

•  13 

0,168 

216,5 

so 

0,00093 

14 

0,143 

216.5 

60 

0,00031 

IS 

0,122 

216,5 

75 

0,000031 

1)  Altitude,  km;  2)  pressure,  kg/cm^;  3)  tem¬ 
perature  T,  ®K. 


At  altitudes  above  25  km,  the  value  of  p^^  may  be  evaluated  ac¬ 
cording  to  the  curves  In  Pig.  4.23.  These  curves  show  that  at  great 
altitudes  p_  Is  so  small  that  It  may  be  neglected;  If  we  consider  that 

Cl 

p_  =  0  at  an  altitude  of  20  km,  the  error  In  computing  thrust  would 
not  exceed  1^.  Therefore,  engine  altitude  characteristics  may  be  com¬ 
puted  with  sufficient  precision  from  the  data  In  Table  4.3  alone. 

Relative  Zhgg  thrust  Increase  as  altitude  Increases  depends  on 
the  designed  altitude  of  the  nozzle,  and  In  contemporary  engines, 
within  the  limits  of  atmospheric  pressure  change  from  one  atmosphere 
to  space.  It  may  attain  10-20^. 

The  determination  of  p_  as  a  function  of  flight  speed  presents 

A 

great  difficulties  and  Is  possible  only  on  the  basis  of  the  weapon's 
aerodynamic  design,  allowing  for  the  weapon's  shape. 

Figure  4.24  shows  the  altitude  characteristics  for  an  A-4  engine, 
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Pig.  4.24.  A-4  engine  altitude  charac¬ 
teristics  (  dashed  line  shows  real 
characteristics),  l)  P,  tons;  2) 

kg-sec/kg;  3)  —  real;  4)  P^  -  rated 

Ideal;  5)  P^^  —  rated  ideal;  6)  H, 

^ud  0* 


Pig.  4.25.  Altitude  char¬ 
acteristics  of  low-alti¬ 
tude  and  high -altitude 
engines,  and  of  an  engine 
with  Ideal  nozzle,  regu¬ 
lated  In  accordance  with 
altitude.  1)  Low-altitude 
engine;  2)  engine  with 
Ideal  nozzle,  regulated 
in  accordance  with  alti¬ 
tude;  3}  hlgh-altltude 
engine.  A)  »  20  atm 

abs;  B)  B  1  atm  abs; 

C)  H  =  15  Ion;  D)  Py  “  Pa  “ 

B  0. 112  atm  abs ;  E)  H,  km. 


where  P^  =  4295  cm^  >  p^  =  0. 85  atm  abs , 
Pq  =  25  tons,  and  =  200  kg -thrust 
per  kg-fuel/sec. 

The  cucves  In  this  graph  show  that 
at  an  altitude  of  28  km  the  engine  de¬ 
velops  approximately  15.  greater 
thrust  than  at  ground  level,  and,  when  op 
eratlng  in  space,  175^  greater  thrust.  At 
a  fixed  flow  rate  to  the  combustion 
chamber,  not  only  these  percentages  grow, 
but  the  engine's  specific  thrust  as  well. 

Plgure  4.25  shows  the  approximate 
rated  altitude  characteristics  for  low- 
altitude  and  high-altitude  engines,  also 
that  of  an  engine  with  an  Ideal  nozzle. 


regulated  in  accordance  with  flight  al¬ 


titude,  as  constructed  In  accordance 
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Pig.  4.26.  Rated  en¬ 
gine  altitude  char¬ 
acteristics  (see  ex¬ 
ample  No.  4).  l) 

kg -thrus t /kg -fue 1 
per  sec;  2)  P,  kg; 

3)  =  20  kg/cm^j 

4)  Pj^.  =  5  kg/cm^;  5) 
km. 


with  the  values  of  p_  taken  from  Table  4. 7 

Si 

[sic].  All  these  engines  are  Identical,  1. e. , 
they  all  operate  on  the  same  fuel  and  at  the 
same  combustion- chamber  pressure. 

The  curves  of  this  graph  show  that: 

1)  a  high-altltude  engine  has  a  rela¬ 
tively  small  thrust  at  ground  level,  which 
gives  the  weapon  poor  launching  properties; 

2)  as  flight  altitude  increases,  the  ab¬ 
solute  thrust  of  a  high-altitude  engine  In¬ 
creases  more  Intensively  than  that  of  a  low- 
altitude  engine,  in  direct  proportion  to  the 
engine’s  design  altitude; 

3)  an  engine  with  an  ideal  nozzle,  regu¬ 


lated  In  accordance  with  flight  altitude,  has,  relatively  speaking,  more 
favorable  characteristics,  which  shows  the  necessity  of  making  such  an 
engine  with  a  regulated  design  altitude,  even  if  It  has  only  one  or 
two  fixed  positions. 

Besides  high  operating  economy,  an  engine  must  provide  the  weapon 
with  a  good  takeoff,  1. e. ,  its  thrust  at  ground  level  must  exceed  the 
missile's  blastoff  weight  by  a  given  number.  An  engine's  relative 
thrust  coefficient  b  =  Pq/Qq  is  a  function  of  the  tactical  designation 
of  the  missile.  Calculations  show  that  as  combustion-chamber  pressure 
rises,  the  Increase  In  an  engine's  absolute  and  specific  thrusts  be¬ 
comes  less  and  less  significant  as  flight  altitude  Increases.  One 
should  therefore  bear  In  mind  that  specific  thrust  will  be  changed  as 
a  function  of  the  engine's  absolute  thrust,  since  0_  Is  Independent  of 
p_  and  remains  constant  In  calculating  the  external  characteristics. 

a 

Example  4.  Calculate  the  altitude  characteristics  for  an  engine 
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TABLE  4.4 


1)  //.  km 

1 

1  0  j 

i  1 

5 

1 

10 

.  i 

1 

30 

2)  Pt,  KtJCMi 

1  1,033 

0.550  I 

1 

0,269 

0,055 

1  0,011 

1)  H,  kmj  2)  p^,  kg/cm^. 


TABLE  4.5 

Values  of  ^  in  Accordance  with 

Flight  Altitude _ 


B  KBHCpe 

j  2 )  Bucoti 

1  noBera  H  »  km 

CropBHHB  Pm 

Kt/CM* 

1) 

0 

5 

\ 

10 

20 

30 

20 

2986 

3198 

3298 

3385 

3404 

220 

235 

243 

250 

251 

15 

2137  1 

1  2333 

2448 

2535  j 

2553 

210  j 

229 

240 

! 

249  1 

251 

10 

1283 

1479 

1594 

1681 

1699 

189 

218 

235 

248 

251 

432 

628 

830 

848 

5 

127 

185 

210 

245 

280 

1)  Pressure  Pj^  in  combustion  chamber, 
kg/cm^;  2)  flight  altitude  H,  km. 

when  Pj^  «  20,  15,  10,  and  5  kg/cm^  for  flight  altitudes  H  **  0,  5,  10, 
20,  and  30  km.  If  «  3000  kg,  «  40?.  1  cm^,  Pj^  -  20  kg/cm^,  Og  ^ 
«  13*54  kg/sec,  and  Py  ^  ■  1*00  kg/cm^. 

Solution. 

1.  We  determine  the  absolute  and  specific  thrusts  of  the  engine 
In  accordance  with  the  formulas: 

Pm  -  AP, - FmP,  and  — 

Which,  at  the  given  p€u?ameter8.  Is  reduced  to  the  form: 
a)  when  pj^  «  20  kg/cm^  P^  «  3407-407*1 
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Fud.n  =  251.1-30.1  p^J 

b)  when  P^  =  15  kg/om^  P„  -  2557-407.1  P^; 

•  '  fud.n  '  251.1-20.1  p^, 

c)  when  p.  =  10  kg/cm^  =  1703-407.1  P^; 

iC  li  a. 

2ud.n  ■  251.1-60.2  p^; 

d)  when  Pj^  =  5  kg/cm^  =  852-407. 1  Pg^; 

^’ud.n  =  251.1-120.4 

where  p^  Is  In  kg/cm^  and  P^^  ^  Is  in  kg-thrust/(kg -fuel/sec). 

2.  The  atmospheric  pressure  for  the  given  altitudes,  taken  from 
Table  4.7  [sic],  is  reduced  In  Table  4.4. 

3.  The  results  of  the  computations  of  absolute  and  specific 
thrusts,  at  the  given  flight  altitudes,  are  shown  in  Table  4.5  and 
presented  graphically  In  Pig.  4.26. 


SECTION  13.  real  ALTITUDE  CHARACTERISTICS 

In  the  previous  section,  we  considered  the  change  In  an  engine's 
absolute  and  specific  thrusts  as  a  function  of  the  natural  pressure 
change  In  the  unperturbed  atmospheric  air  as  a  function  of  flight  al¬ 
titude.  Under  real  engine  operating  conditions,  the  pressure  of  the 
surrounding  medlxun  behind  the  chcunber  nozzle  Is  always  less  them  the 
pressure  of  the  unperturbed  air.  This  phenomenon  Is  caused  by  the 
rareflcatlon  developed  behind  the  engine  nozzle  as  the  missile  flies 
with  great  velocities  Guid  accelerations,  and  affects  the  magnitude  of 
the  engine's  thrust.  Therefore,  In  precise  calculation  of  an  engine's 
altitude  characteristics,  one  must  consider  Its  specific  external  op¬ 
erating  conditions. 

In  real  operating  conditions,  an  engine's  absolute  thrust  depends 
on  the  following  factors: 

1)  the  weapon's  flight  altitude,  speed,  and  acceleration; 
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2)  the  fuel  tanks '  pressurization  system; 

3)  the  engine's  propellant -feed  system; 

4)  the  specific  weight  and  level  of  the  fuel  components  In  the 
tank^  etc. 

Some  of  these  factors  tend  to  Increase,  and  some  to  decrease,  the 
engine's  absolute  thrust.  For  example,  as  the  flight  altitude  and 
speed  of  a  weapon  of  the  A-4  type  are  Increased,  the  pressure  of  the 
air  around  the  engine  decreases  In  relationship  to  the  atmospheric 
pressure,  and  In  the  presence  of  a  great  flight  speed  (above  Mach  num¬ 
ber  2.6)  the  rareflcatlon  formed  behind  the  engine  nozzle  may  even  at¬ 
tain  absolute  vacuum,  as  a  result  of  which  the  following  things  take 
place. 

1.  The  expansion  ratio  of  the  gases  behind  the  engine  nozzle 

Increases  as  a  consequence  of  the  decreased  back  pressure  p^^,  because 
of  which  the  engine  thrust  Increases  by  means  of  the  increase  in  the 
statistic  member  (p^  -  (subscript  st  «  statistic). 

2.  The  expansion  ratio  of  the  turbopump  unit  exhaust  gases 
Increases  as  they  flow  out  Into  the  surrounding  medium,  and  volume  of 
turbopump  unit  exhaust  gases  Increases  as  a  consequence  of  the  de¬ 
creased  back  pressure  p_  (if  a  TNA  is  part  of  the  engine  propellant- 
feed  system  and  the  turbine  exhaust  gases  continue  to  expand  as  they 
flow  out  Into  the  surrounding  medium  and  develop  a  thrust). 

3.  The  on-board  gas  pressure  on  the  engine  fuel- system  pres¬ 
sure  reducer  Is  reduced  at  the  outlet  as  a  consequence  of  the  decreased 
pressure  p_  of  the  surrounding  medium  on  the  reducer  dlaphreigm,  be- 

a 

cause  of  which  the  gas -vapor  feed  to  the  turbine  Is  reduced,  turbine 
rpm  drops,  emd  the  pumps'  capacity  Is  lowered,  which  leads  to  a  de¬ 
crease  In  engine  thrust.  An  analogous  effect  on  engine  thrust  Is  pos¬ 
sible  when  other  Instruments  which  are  sensitive  to  pressure  changes 
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In  the  surrounding  medium  are  Installed. 


4.  The  pressure  for  the  engine  fuel-puinp  suction  Is  changed  as 
a  consequence  of  a  chsmge  In  fuel- tank  pressurization  (If  pressuri¬ 
zation  by  velocity  head  or  from  an  on-board  source  of  compressed  gas 
Is  used),  because  of  which  changes  occur  In  the  per-second  fuel-flow 
rate  to  the  combustion  chamber  and,  consequently.  In  the  engine  thrust 

5.  The  fuel  components  *  pressure  head  to  the  pumps  Is  Increased 
by  means  of  the  Inertial  forces  developed  as  the  weapon  Is  accelerated 
In  direct  proportion  to  the  specific  weight  and  the  level  of  the  fuel 
components  In  the  tanks  before  they  reach  the  pumps,  which,  similar  to 
Item  No.  4,  changes  the  engine  thrust. 

6.  The  fuel  components '  weight  ratio  as  they  are  fed  to  the  en¬ 
gine  combustion  chamber  Is  decreased  under  the  Influence  of  the  fac¬ 
tors  mentioned  In  Items  3-5>  because  of  which  the  fuel's  thermal 
efficiency  Is  changed  and,  consequently,  the  engine  thrust  as  well. 

To  calculate  the  effect  of  all  the  factors  entimerated  above  on 
thrust  magnitude  and  to  construct  the  real  altitude  characteristics, 

It  Is  necessary  to  have  the  following  basic  characteristics: 

a)  engine  combustion  chamber  and  nozzle  —  the  pressure  of  the 
gases  In  the  chamber  and  at  the  outlet  from  the  nozzle,  the  area  of 
the  nozzle  outlet  section; 

b)  propellant -feed  system—  turbines,  pumps,  pressure  regulators, 
and  the  like,  and 

c)  weapon  —  flight  altitude,  speed  auid  acceleration,  and  angle  of 
shift  in  accordance  with  time,  as  the  same  engine  may  show  different 
real  characteristics  when  Installed  In  different  missiles. 

In  practice,  this  problem  Is  brovight  to  compilation  by  simul¬ 
taneous  approximate  solution  of  several  equations,  considering  the 
effect  of  the  factors  enumerated  above  on  the  engine's  operation. 


i 
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The  most  Important  of  these  factors  Is  the  pressure  of  the  atmos¬ 
pheric  air  behind  the  engine  nozzle;  therefore.  Its  magnitude  must  be 
evaluated  by  computing  with  the  specific  engine  operating  conditions 
when  designing  a  ZhgD. 

An  engine's  real  altitude  characteristics,  1. e. ,  allowing  for  the 
effect  of  all  the  factors  enumerated  above  on  engine  operation.  Is  ex¬ 
pressed  by  the  equation 

(4. 31) 

where  Is  the  engine  thrust  at  ground  level  at  the  rated  nominal  re¬ 
gimes;  Is  the  thrust  developed  by  TIJA  exhaust  gases;  is 

the  engine  thrust  loss  due  to  gas  rudders;  Aa„  =  Aa„  +  AO  ^  Is  the 

ssgso 

change  In  per-second  fuel  flow  to  the  combustion  chamber  in  kg/sec  as 
the  consequence  of: 

a)  the  effect  of  the  pressure  change  In  the  surrounding  air  on 
the  pressure  reducer's  operation,  determined.  In  turn,  by  the  operat¬ 
ing  regimes  of  the  ggg  and  TM  (if  such  devices  are  Included  In  the 
engine  propellant -feed  system); 

b)  the  effect  of  variation  In  velocity-head  fuel-tank  pressuri¬ 
zation  on  the  pvunps'  operation;  as  flight  altitude  Increases,  velo¬ 
city-head  pressurization  decreases,  and  as  flight  speed  Increases, 
velocity-head  pressurization  Increases; 

c)  the  effect  of  the  change  In  fuel  component  level  In  the  tanks 
as  a  consequence  of  their  consiunptlon; 

d)  the  effect  of  the  changing  fuel-component  pressure  head  In  the 
tanks  because  of  the  Inertial  forces  developed  during  the  weapon's  ac¬ 
celeration,  auid  other  reasons. 

Figure  4.24  shows  the  results  of  the  calculation  of  an  A-4  engine's 
real  altitude  characteristics  when  It  Is  Installed  In  a  long-range 
missile. 
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It  is  obvious  that  the  same  engine  may  have  different  real  alti¬ 
tude  characteristics,  depending  on  the  particulars  of  the  aircraft  in 
which  it  Is  Installed.  A  change  in  construction,  fuel-tank  volume, 
tsdceoff  velocity  or  acceleration,  head  of  fuel-tank  pressurization,  or 
the  like  leads  unavoidably  to  a  change  in  the  fuel  components '  feed 
pressure  to  the  combustion  chamber,  and,  consequently,  change  In  en¬ 
gine  thrust. 

The  construction  of  real  ZhRD  altitude  characteristics  for  air¬ 
craft  is  closely  connected  with  the  calculation  of  the  trajectory  ele¬ 
ments  for  these  craft.  Therefore,  the  engine  altitude  characteristics 
and  the  aircraft  flight  trajectory  must  be  determined  by  simultaneous 
calculations. 

The  curves  in  Pig.  4.24  show  that  the  real  altitude  characteris¬ 
tics  of  an  engine  differ  very  little  (by  1-3J^)  from  the  ideal  charac¬ 
teristics  (dashed  line)  when  computed  under  the  same  initial  condi¬ 
tions  in  conformance  to  the  simplified  formula  which  considers  only 
the  normal  pressure  of  the  unperturbed  air  behind  the  engine  nozzle  in 
accordance  with  flight  altitude.  Bearing  this  circumstance  in  mind, 
one  may  use  the  simplified  thrust  formula  for  calculating  altitude 
characteristics. 

SECTION  14.  SELECTION  OP  OPTIMUM  ENGINE- CHAMBER  NOZZLE  DESIGN  AI/TITUDE 

One  of  the  basic  parameters  which  directly  affects  the  magnitude 
of  an  engine's  absolute  thrust  is  the  pressure  of  the  surrounding 
medium,  which  may  change  during  an  aircraft 's  flight  as  a  function  of 
flight  altitude  and  speed. 

The  majority  of  aircraft  engines  operate  without  a  change  of  the 
gas  pressure  in  the  combustion  chamber  as  altitude  Increases,  but 
since  atmospheric  pressure  p.  is  thus  decreased,  the  necessity  arises 

cl 
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for  craft  of  this  type  to  use  high-altitude 
engines,  in  which,  when  operating  at  ground 
level,  the  gas  pressure  p^  in  the  nozzle  out¬ 
let  section  is  somewhat  less  than  the  pressure 
p_  of  the  atmospheric  air. 

If  the  magnitude  of  p^  is  properly  se¬ 
lected,  the  engine  may  develop  the  greatest 
mean  specific  thrust  in  accordance 

with  its  flight  trajectory  and  give  the  air¬ 
craft,  other  things  being  equal,  the  maximum 
flight  range. 

The  results  of  the  computations  and  con¬ 
struction  of  the  altitude  characteristics  for  an  A-4  engine  with  noz¬ 
zles  of  different  design  altitudes,  under  otherwise  equal  conditions 
(see  Pig.  4.27),  show  that: 

1)  an  engine  of  low  design  altitude  (p^  =  0. 85  atm  abs),  when 
operating  at  ground  level,  develops  a  relatively  greater  thrust  them  a 
high -altitude  engine  (see  the  curve  for  p^  =  0. 85  atm  abs),  but  then 
as  it  rises  in  altitude  its  thrust  Increases  less  rapidly,  and,  as  a 
result,  at  a  high  altitude  becomes  relatively  low;  because  of  this 

will  also  be  low; 

ud.  sr 

2)  am  engine  of  excessively  high  design  altitude  develops  a  rela¬ 

tively  great  thrust  at  considerable  altitudes,  but  it  has  an  extremely 
small  thrust  at  ground  level  and  at  low  flight  altitudes  (see  the 
curve  for  p^  =0,2  atm  abs),  as  a  result  of  which  the  obtained 

is  also  small; 

3)  an  engine  of  moderate  design  altitude,  obviously,  will  have  a 
relatively  great  fud.8r  (  see  the  curve  for  a  p^  =  0. 35  atm  abs); 

4)  the  A-4  missile's  Increase  in  flight  range  when  p^  «  0. 35 
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Pig.  4.27.  Rated  al¬ 
titude  characteris¬ 
tics  of  an  A-4  en¬ 
gine  with  different 
conventional 
nozzle  lengths,  l) 

Gg  =  125  kg/sec;  2) 

Pj^  =  l4.  5  atm  abs ; 

3)  Py  =  0. 2  atm  abs; 

4)  H,  km. 
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atm  abs  amounts  to  about  8^  of  the  remge  obtained  when  =  0. 85 
atm  abs. 

Since  the  operation  time  of  a  Zhgg  In  different  regimes  according 
to  thrust  and  flight  altitude  depends  basically  on  the  aircraft's 
flight  trajectory.  It  Is  necessary  to  choose  a  nozzle  design  altitude 
for  an  engine  being  designed  only  for  the  specific  reaction  device  In 
which  the  engine  will  be  Installed. 

In  designing  an  engine  It  Is  necessary  to  select  a  p^  that,  other 
things  being  equal,  will  give  the  greatest  Pud.  and,  consequently, 
the  greatest  missile  range. 

The  optimum  engine- nozzle  design  altitude  depends  on  the  air¬ 
craft's  flight  trajectory,  which  shows  that  there  Is  some  difficulty 
In  computing  p^  ©pt^*  which  Is  required  In  advance  In  order  to  know 
the  flight  trajectory  of  the  Installation  being  designed.  The  greater 
the  aircraft's  perfection  from  the  design  viewpoint,  l.e. ,  the  smaller 
Its  relative  final  weight  missile  we  have  a  = 

=  =  0.32)  and  the  greater  the  engine's  specific  thrust,  the  less 

the  value  of  p^  will  be  and  the  greater  the  effect  that  may  be 
expected  from  using  a  nozzle  of  optimum  design  altitude. 

The  use  of  high-altltude  nozzles  provides  a  considerable  Increase 
In  aircraft  reuige  in  comparison  to  a  low-altitude  nozzle.  In  direct 
proportion  to  the  aircraft's  degree  of  perfection. 

In  selecting  a  nozzle  design  altitude  for  an  engine  being  de¬ 
signed,  one  should  bear  In  mind  that: 

1)  Increasing  the  design  altitude  of  the  nozzle  Increases  Its  di¬ 
mensions  and  weight,  because  of  vAilch  difficulties  arise  In  cooling 
Its  greater  surface,  and  also  the  expenditures  of  energy  in  climbing 

*^^.onT  "  ^outlet. optimum*  ^ 

**^^OH  “  ^on  “  ^onechnyy  “  ^flnal*  ^ 
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and  acceleration  increase  sharply  because  of  the  engine's  Increase  in 
weight  and  the  decrease  in  p^j 

2)  the  engine  thrust  at  ground  level  is  decreased  considerably, 
which  greatly  impairs  the  missile’s  launching  properties; 

3)  when  the  gases  in  the  nozzle  overexpand  up  to  a  pressure  of 
less  than  p„  *  0. 3Po  the  gas  flow  becomes  detached  from  the  nozzle 
walls,  because  of  which  compression  waves  appear,  which  decrease  the 
engine's  specific  thrust  considerably. 

In  view  of  these  reasons,  and  also  because  the  launching  thrust 
of  fast -climbing,  heavy  missiles  of  the  A-4  type  must,  in  practice,  be 
not  less  than  double  the  weight  of  the  missile  at  blastoff,  some  pres¬ 
sure  Increase  in  the  nozzle  outlet  section  relative  to  its  optimum 
value  is  advisable.  Thus,  the  engine  nozzle  is  shortened, its  weight 
is  decreased,  and  launching  thrust  increases.  The  latter  circumstance 
indicates  the  necessity  for  comparative  evaluation  of  the  effect  of 
the  engine's  weight  and  specific  thrust  on  the  missile's  range  (to  at¬ 
tain  the  greatest  range,  one  must  determine  the  weight  equivalent  of 
the  thrust). 

In  designing  an  engine,  we  often  base  the  magnitude  of  the 
pressure  in  the  nozzle  outlet  section  on  statistical  data 
(considering  the  missile's  designation). 

At  the  present  time,  for  single-stage  missile  engines,  it  is  as¬ 
sumed  that  in  the  nozzle  outlet  section  the  gas  pressure  p^  =  0.6-0,85 
atm  abs. 

Sometimes  the  magnitude  of  p^  is  assiuned  as  equal  to  the  atmos¬ 
pheric  air  pressure  p_  at  the  altitude  which  the  missile  reaches  after 
expending  half  of  the  supply  of  fuel  in  the  tanks.  One  cannot  consider 
such  a  solution  to  this  problem  as  valid. 

Por  engine  nozzles  Intended  for  the  second  and  following  stages 
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Pig.  4. 28.  Absolute 
engine  thrust  as  a 
function  of  the  di¬ 
mensionless  area  f^ 

of  a  nozzle  cross 
section.  1)  —  di¬ 

ameter  of  nozzle  out¬ 
let  section. 


of  a  multlsteige  missile.  In  order  not  to  In¬ 
crease  the  nozzle  outlet  section  by  a  con¬ 
siderable  degree,  one  may  assxane  «  0. 1-0. 3 
atm  abs. 

As  we  select  the  magnitude  of  It  Is 
necessary  to  consider  the  real  engine  design 
altitude,  the  missile's  designation,  the 
character  of  Its  flight  trajectory,  nozzle 
cooling  system,  the  effect  of  Increasing  the 
engine's  weight  on  the  missile's  range  be¬ 


cause  of  the  change  In  p^,  and  a  number  of  other  factors. 

Figure  4.28  shows  the  curves  for  the  absolute  thrust  P  of  an  en¬ 


gine  chamber  as  a  f\inctlon  of  the  nozzle's  dimensionless  area  f^  = 

”  ^v^^kr  various  operating  conditions.  Curve  1  shows  the  change  In 
P  as  a  function  of  the  change  In  f^  when  the  engine  Is  operating  In 
space;  as  f^  Increases,  the  magnitude  of  P  Increases. 

The  dashed  curve  2  shows  the  change  In  P  as  a  function  of  f^  when 
the  engine  Is  operating  continuously  at  the  rated  regime;  this  regime 


Is  maintained  by  changing  the  per -second  fuel-flow  rate  to  the  combus¬ 


tion  chamber. 


The  other  curves  3  show  the  change  In  P  as  a  function  of  the 
different  ratios  of  gas  expansion  within  the  nozzle;  for  ex¬ 
ample  Eg  «  Pk^^v  “  these  curves  has  Its 

maximum  when  p^  -  p^^,  l.e, ,  when  the  corresponding  curve  Intersects 
with  curve  2. 


The  curves  of  this  graph  show  that  an  engine  with  a  small  pres¬ 
sure  Pj^  In  the  combustion  chamber  Is  more  sensitive  to  a  change  in  the 
nozzle  length  than  when  p^  Is  great.  They  also  Indicate  that  engines 
with  large  values  of  Pj^  should  be  made  as  low-altitude  engines,  since 
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by  this  means  they  will  have  a  relatively  small  loss  of  thrust. 

SECTION  15.  REOULATINQ  AN  ENGINE- CHAMBER  NOZZLE'S  DESIGN  ALTITUDE 

An  engine  with  a  chamber  nozzle  vrtilch  was  Ideally  regulated 
to  conform  with  flight  edtltude  [i.e.,  a  nozzle  which  was  elongated 
in  accordance  with  flight  altitude  to  maintain  the  engine's  optimum 
rated  operating  conditions  (p„  =  p^)]  would  have  the  best  altitude 
characteristics . 

This  shows  the  requirement  for  developing  engine  chambers  with 
nozzles  which  are  regulated  in  accordance  with  flight  altitude,  even 
If  they  have  only  one  or  two  fixed  positions,  which,  other  things  be¬ 
ing  equal,  considerably  Increases  a  missile's  range  without  decreasing 
Its  ],aunchlng  thinist  as  compared  to  a  missile  with  a  low-altitude  en¬ 
gine. 

Figure  4.29  shows  the  altitude  characteristics  of  an  engine: 

1)  with  normal  ground-level  nozzle  (curve  1-4-2); 

2)  with  an  oversized  ground-level  nozzle  (curves  3“4-5-6-7  and 
8-6-9-10); 

3)  with  an  Ideal  nozzle,  regulated  In  accordance  with  altitude 
(curve  1-5-9-11); 

4)  with  a  two-stage  regulated  nozzle  (curve  1-4-5-6-9-10),  with 
the  first  stage  of  regulation  switched  Into  operation  at  point  4  and 
the  second  at  point  6. 

The  curves  of  these  altitude  characteristics  show  that  the  use  of 
nozzle  design-altitude  regulation  permits: 

1)  Increasing  the  engine's  launching  thrust; 

2)  increasing  the  engine's  operating  economy,  determined  by  the 
magnitude  of  I’ud.sr^  and 

3)  increasing  the  aircraft's  range  (by  means  of  the  first  two 
factors). 
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Pig.  4. 29.  Character 
of  two-stage  regula¬ 
tion  of  engine-noz¬ 
zle  design  altitude. 


Pig.  4.30.  Simpli¬ 
fied  diagram  of 
single-stage  regula¬ 
tion  of  engine- noz¬ 
zle  design  altitude. 
1)  Liner. 


Regulating  the  nozzle’s  design  altitude  as  altitude  increases  Is 
most  effective  for  long-range  and  super -long -range  missiles,  whose 
powered  trajectory  is  close  to  vertical. 

Practical  accomplishment  of  chamber- nozzle  design -altitude  regu¬ 
lation,  even  In  the  simplest  form  (with  one  or  two  fixed  values  of 
fy  “  ^v^^kr^*  extremely  complicated.  The  engine  nozzle  usually  op¬ 
erates  under  high  temperature  conditions;  therefore  It  is  very  diffi¬ 
cult  to  regulate  It  and  cool  It  at  the  same  time. 

One-stage  nozzle  design-altitude  regulation  may  be  accomplished 
without  great  design  difficulties  by  the  use  of  a  special  nozzle  liner 
(Pig.  4.30).  During  the  missile's  launching  and  as  It  climbs  to  a  pre¬ 
determined  flight  altitude,  this  liner  will  detach  the  stream  of  gases 
from  the  engine  chamber  nozzle  walls,  and  therefore  It  will  operate  as 
a  normal  ground-level  nozzle.  After  a  certain  altitude  Is  reached,  the 
nozzle  liner  burns  up  or  Is  meclmnically  ejected  and  the  nozzle  begins 
to  operate  as  a  hlgh-altltude  nozzle. 

In  practice,  other  methods  of  one-stage  engine-nozzle  design-al¬ 
titude  regulation  are  possible. 


i 
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SECTION  16.  BASIC  CHARACTERISTICS  OP  THE  A-4  OXYGEN 

The  basic  data  of  the  German  A-4  engine.  Intended  for  long-range 
missiles,  are  shown  below. 


Combustion  chamber  pressure  in  kg/cm^ . 

Per-second  fuel-flow^  rate  in  kg/sec: 

liquid  oxygen . 

ethyl  alcohol  of  75^  weight  concentration . 

total . 

Temperature  in  combustion  chamber  (measured)  in  °C . 

Absolute  thrust  at  sea  level  in  kg . 

Velocity  of  gas  outflow  from  the  nozzle  at  sea  level  in 
m/sec ! 

actual . . . 

theoretical . 

Nozzle  efficiency . . . 

Pressure  difference  in  the  cooling  system  in  kg/cm^ . 

Pressure  difference  of  the  alcohol  in  the  injectors  (mean) 

in  kg/cm . 

Diameter  of  the  combustion  chamber  (maximum)  in  mm . 

Diameter  of  the  nozzle  critical  section  in  mm . 

Diameter  of  the  outlet  section  of  the  nozzle  in  mm . 

Characteristic  equivalent  length  of  the  combustion  chamber 

in  m . 

Consumption  of  ethyl  alcohol  for  developing  the  chamber 
film  curtain  (out  of  the  total  flow  rate  of  the  alcohol 
into  the  chamber)  in  % . 

Meeui  value  of  the  specific  heat  flow  in  kcal/m^-sec . 

or  in  kcal/m^-hr . 

Alcohol  temperature  Increase  in  the  chamber  cooling  Jacket 

in  oc . 

Number  of  antechambers  of  the  pear-shaped  combustion 

chamber . 

Dry  weight  in  kg; 

engine  chamber . . . 

turbopump  unit . 

vapor-gas  generator . . . 

compressed-air  flasks . 

engine  thrust  frame . 

total  weight  of  the  engine  (without  tanks) . 

oxygen  tank . 

alcohol  tank . 

Weight  of  the  working  components  in  the  engine  tanks  in  kg: 

ethyl  alcohol . 

liquid  oxygen . 

hydrogen  peroxide  of  weight  concentration . 

potasslvun  permanganate  of  28$^  weight  concentration. . . 
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Chapter  V 

CHARACTERISTICS  OP  ZhRD  FUELS 

The  liquid  substance  or  combination  of  liquid  substances  used 
in  a  ZhRD  as  a  source  of  energy  and  a  mass  carrier  in  setting  up  the 
reaction  thrust  is  commonly  known  as  the  engine  fuel.  Each  of  these 
liquid  substances,  which  are  stored  separately  and  delivered  separately 
to  the  combustion  chamber  and,  taken  together,  compose  the  fuel  used 
by  the  engine,  is  known  as  a  fuel  component. 

The  fuel  component  subjected  to  oxidation  during  the  combus- 
[>  tlon  process  in  the  engine  chamber  is  customarily  referred  to  as  the 
combustible,  while  the  fuel  component  that  oxidizes  the  combustible 
in  the  engine's  combustion  chamber  is  known  as  the  oxidizer.  Here 
the  term  "oxidation”  is  used  in  its  broad  sense,  l.e.,  to  cover  oxi¬ 
dation  proper  (the  reaction  of  the  fuel  elements  with  oxygen),  fluorl- 
natlon  (the  reaction  of  a  fuel  with  fluorine),  chlorination  (reaction 
of  fuel  with  chlorine),  etc. 

In  the  early  stages  of  development  of  Zhgg.  hydrocarbons  with 
low  calorific  values,  such  as  alcohols,  amines,  and  hydrazine  hydrate 
were  used  as  fuels j  kerosene  was  used  only  in  rare  cases;  an 
aqueous  solution  of  hydrogen  peroxide  or  nitric  acid  was  employed  as 
an  oxidizer,  with  liquid  oxygen  the  exception. 

At  the  present  time,  the  principal  attention  is  being  devoted 
to  more  efficient  fuels  with  high  calorific  values.  The  use  of  these 
fuels  in  ZhRD  makes  it  possible  to  obtain  higher  specific  thrusts 
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from  the  engine,  reduce  the  quantity  of  fuel  for  a  given  absolute 
thrust  and  burning  rate,  and,  consequently,  to  reduce  the  capacity 
of  the  fuel  tanks,  the  size  of  the  missile,  and,  all  other  things 
equal,  to  achieve  longer  ranges. 

The  first  step  In  designing  an  engine  Is  to  select  the  fuel 
components  on  the  basis  of  operational  considerations,  with  the  object 
of  achieving  the  optimum  flight  characteristics  In  the  missile. 

The  present  chapter  presents  brief  discussions  of  existing 
fuel  types  for  gives  the  parameters  that  characterize  the  quality 

of  fuel  coiT5)onents,  and  sets  forth  the  basic  specifications  for  mu 
fuels . 

The  physical,  thermal,  and  other  properties  of  the  fuels  and 
oxidizers  considered  In  this  chapter  are  borrowed  In  part  from  the 
Technical  Encyclopedia,  the  Handbook  of  Chemistry,  and  other  sources. 

SECTION  1.  BASIC  TYPES  OP  ZhRD  FUELS 

A  fuel  Is  generally  known  as  basic,  starting,  or  auxiliary, 
depending  on  the  manner  In  which  It  Is  used  In  a  2^. 

Liquid  fuel  components  used  directly  for  operation  of  the 
engine  chamber  are  known  as  the  basic  fuel,  while  the  starting  fuel 
Is  composed  of  liquid  hypergollc  propellants  that  are  used  only  when 
the  engine  Is  being  started,  and  then  only  to  trigger  combustion  of 
the  nonhypergollc  components  of  the  basic  working  fuel  In  the  com¬ 
bustion  chamber. 

Substances  used  In  an  engine  as  a  source  of  thermal  energy 
and  working  mass  to  power  the  gas  generator  of  the  pump-unit  turbine 
and  the  fluid-pressure  accumulator  of  the  system  that  delivers  the 
basic  fuel  components  from  the  tanks  to  the  combustion  chamber  are 
sometimes  known  as  an  auxiliary  fuel.  Small  portions  of  the  basic  fuel 
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components  or  gases  withdrawn  from  the  engine  chamber  can  also  be  used 
for  this  purpose. 

The  following  may  be  used  in  ZhRD! 

1)  monopropellant  liquid  fuels,  in  which  the  combustible  and 
oxidizer  are  combined  in  a  single  liquid  substance  as  a  chemical  com¬ 
pound  or  into  a  stable  mechanical  mixture  (monofuels); 

2)  bipropellant  and  multipropellant  liquid  fuels,  which  con¬ 
sist  of  two  or  more  separately  stored  combustible  and  oxidizer  com¬ 
ponents  that  are  delivered  separately  to  the  engine  combustion  cnamber. 

The  monopropellant  fuels  include  nitromethane  (CH^NOg),  which 
is  a  high-energy  but  comparatively  cheap  and  exploslonproof  mono¬ 
fuel,  nitroglycerine  (C^H^N^Og),  and  nitric-acid  solutions  of  nitro¬ 
gen  tetroxlde,  tetranltromethane,  and  other  oxidizers  with  combustible.* 

Monopropellant  liquid  fuels  are  characterized  by  the  following 
special  properties: 

a)  uniformity  of  the  combustible  mixture; 

b)  constancy  of  all  of  its  basic  characteristics  (the  values 
of  the  excess  oxidizer  ratio,  heating  value,  combustion  rate,  etc.); 

c)  smooth  combustion  in  the  primary  phase  (irrespective  of 
hydrodynamic  factors); 

d)  a  strong  tendency  of  certain  fuels  to  decompose,  detonate, 
and  explode. 

When  a  monofuel  is  used,  the  entire  fuel- supply  system  can 
be  simplified  considerably  and  the  engine  made  considerably  lighter 
than  an  engine  operating  on  a  bipropellant  fuel.  However,  existing 
monofuels  are  considerably  inferior  to  blpropellant  fuels  for  the 
following  reasons: 

1)  they  present  considerable  explosion  hazard  (with  a  powerful 
*Hcspress-lnformatslya  AN  SSSR,  No.  10,  ADS-39>  1959. 
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shattering  effect)  when  they  have  satisfactory  heating  values,  or 

2)  they  have  relatively  low  heating  values  i^en  the  necessary 
explosion  safety  Is  assured. 

Attttnpts  to  reconcile  these  contradictions  have  not  yet  given 
the  desired  results.  In  spite  of  many  attenqpts  on  the  part  of  the 
designers,  not  a  single  engine  has  as  yet  been  built  to  operate 
dependably  on  a  liquid  monofuel. 

A  particularly  dangerous  and  toxic  explosive  Is  nltromethane, 
which  Is  a  slightly  oily  liquid  at  normal  temperature  and  Is  used  In 
Industry  as  a  solvent  and  as  a  coBq;>onent  In  lacquers  and  paints.  Its 
boiling  point  Is  +110^0,  Its  melting  point  Is  >29^C,  and  the  teifr> 
perature  of  the  ccmibustlon  products  at  33  b\>b  Is  about 
2,170°C,  Indicating  that  Its  use  will  be  attractive  fr<xn  a  thermo¬ 
dynamic  standpoint.  Nltromethane  burns  with  a  pale,  almost  Invisible 
flame. 

Since  the  detonation  speed  of  nltromethane  Is  many  times 
greater  than  the  speed  of  normal  combustion,  and  the  pressure  at  which 
It  Is  Injected  Into  the  combustion  chamber  must  be  adjusted  In  such 
a  way  as  to  exceed  by  a  slight  margin  the  chamber  pressure  Itself, 
the  detonation  wave  may  propagate  through  the  fuel  lines,  trigger 
ej^loslons  In  them,  and  cause  the  engine  to  misfire. 

A  special  Ignition  system  Is  required  to  start  engines  operat¬ 
ing  on  nltromethane,  and  a  small  quantity  of  gaseous  oxygen  Is  used 
In  the  Initial  firing. 

The  most  widely  used  bipropellant  fuels  Include: 

a)  aqueous  solutions  of  ethyl  alcohol  with  liquid  oxygen; 

b)  kerosenes  with  nitric  acid  (96  or  9^  concentration  by 
weight)  or  with  solutions  of  this  acid,  etc. 

Bipropellant  liquid  fuels  are  chancterlzed  by  the  following 
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special  properties: 

a)  separate  storage  and  delivery  to  the  engine  combustloA 

chamber; 

b)  comparative  expl  )slonproofness  during  storage  and  use  In 
the  engine; 

c)  a  (basically)  diffusive  combustion  process  In  a  turbulent 
stream,  with  simultaneous  displacement  of  the  combustible  and  oxidlaer 
particles  (the  combustion  rate  Is  determined  by  the  rate  at  which 

the  mixture  forms); 

d)  opportunities  for  selecting  stable,  maximum-efficiency 
fuel  components  and  adjusting  their  combustion  rate  by  varying  the 
mixing  rate,  since  the  rate  of  the  chemical  reaction  is  Immeasurably 
greater  than  that  of  mixing  at  the  high  tenqperatures  developed  In  the 
focus  of  combustion,  etc. 

In  diffusive  combustion  of  the  fuel,  the  admissible  forcing 
range  In  which  the  stability  of  combustion  Is  not  disturbed  Is  much 
wider  than  In  kinetic  ccmbustlon,  a  fact  accounted  for  basically  by 
the  extreme  nonuniformity  of  the  gas  stream  as  regards  the  propellant 
concentrations,  l.e.,  the  oxidizer  excess. 

Bipropellant  and  multipropellant  fuels  are  classed  as: 

1)  nonhypergollc  fuels,  the  liquid  components  of  which  do  .not 
Ignite  on  contact  with  one  another  and  require  an  outside  heat 
source  for  Ignition,  and 

2)  hypergollc  fuels,  the  liquid  coiig>onent8  of  irtilch  begin  to 
bum  without  an  outside  heat  source  when  they  come  Into  contact  with 
one  another. 

Alcohol  and  oxygen,  kerosene  and  nitric  acid,  etc.,  are  exam¬ 
ples  of  nonhypergollc  fuels. 

An  oxidizer  with  which  the  combustible  under  consideration 
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will  be  autolgnltlng  at  normal  temperature  can  be  selected  for  each 
combustible.  For  this  reason,  there  Is  no  point  In  classifying  com¬ 
bustibles  as  autolgnltlng  and  nonautolgnltlng  unless  we  note  the 
specific  oxidizer  to  be  used  In  combination  with  the  fuel. 

Most  combustibles  are  autolgnltlng  with  fluorine  and  ozone. 

The  number  of  combustibles  that  Ignite  spontaneously  with  oxygen  Is 
quite  large  (phosphorous,  boron  hydrides,  certain  organometalllc 
compounds,  and  many  others) .  A  number  of  combustibles  Ignite  spon¬ 
taneously  with  fluorine  monoxide.  As  a  rule,  combustibles  that  are 
autolgnltlng  with  nitric  acid  are  also  autolgnltlng  with  liquid  nitro¬ 
gen  oxides,  solutions  of  these  oxides  In  tetranltromethane,  oxides 
of  chlorine  and  perchloric  acid  or  solutions  of  them,  and  with  fluo¬ 
rine  monoxide. 

Autolgnltlon  depends  to  a  considerable  degree  on  the  con¬ 
ditions  under  which  the  reacting  components  are  mixed. 

At  the  present  time,  combustibles  that  are  autolgnltlng  on 
contact  with  nitric  acid  and  hydrogen  peroxide  are  used  In  ZhRD.  The 
group  of  combustibles  that  form  hypergollc  combinations  with  these 
oxidizers  Includes:* 

a)  a  mixture  of  xylldene  and  trlethlyamlne  with  nitric  acid; 

b)  a  mixture  of  aniline  (65f(  by  weight)  and  furfuryl  alcohol 
(35J^)  with  nitric  acid; 

c)  a  mixture  of  optol,  aniline,  xylol,  benzene,  and  vinyl- 
ethyl  alcohol  with  nitric  acid; 

d)  hydrazine  hydrate  with  hydrogen  peroxide; 

e)  xylldene  with  AM-30  mixture  (this  consists  of  50^6  by  weight 
of  98fi  nitric  acid  and  50J^  of  nitration  oleum,  COST  701-41)  and  cer¬ 
tain  other  fuels,  which  are  used  In  different  combinations  and  with 

•A. 7.  Bolgarskiy  and  V.K.  Shchukin,  Rabochly  protsess  v  zhldkostnykh 
raketnykh  dvlgatelyakh  (Working  pz^cess  In  liquid- fuel  rocket  engines), 
Oboronglz,  1933 • 
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Ignition  catalyzers  as  both  basic  and  starting  combustible  ccmoponents 
of  the  fuel. 

Xylldene  with  AM-40  or  AM- 50  mixture  and  other  combustible- 
oxidizer  combinations  are  being  used  successfully  as  starting  hyper- 
gollc  fuel  components. 

The  basic  advantage  gained  by  using  hypergollc  components  in 
as  basic  and  starting  fuels  consists  In  the  following: 

a)  the  system  for  starting  the  engine  Is  considerably  simpli¬ 
fied  because  It  is  no  longer  necessary  to  have  a  special  device  to 
Ignite  the  fuel; 

b)  the  danger  that  tne  fuel  mixture  will  explode  In  the  com¬ 
bustion  chamber  on  starting  and  stopping  of  the  engine  is  reduce4> 
since  It  Is  almost  liq>osslble  for  unburned  fuel  to  accumulate  In  the 
chandaer; 

c)  the  volume  and  weight  of  the  combustion  chamber  are  re¬ 
duced,  since  autoreactlng  components  do  not  require  any  significant 
time  for  priming  for  the  combustion  process,  and  this  raises  the  per- 
llter  thrust  of  the  engine. 

The  basic  shortcomings  of  autolgnltlng  fuels  are  as  follows: 

a)  the  production  of  these  fuels  Is  considerably  more  complex, 
with  the  result  that  they  are  more  expensive  than  nonhypergollc  fuels, 
and 

b)  the  great  fire  hazard  In  the  event  of  leakage  In  the 
engine's  plumbing  system. 

The  conditions  of  Ignition  and  combustion  of  the  fuel  In  the 
coiifl}ustlon  chanber  require  that  nonautolgniting  fuel  coiiq;>onents  have 
the  lowest  possible  flash  points,  and  that  autolgnltlng  fuel  com¬ 
ponents  have  the  shortest  possible  delay  before  autolgnltlon  begins 
(Induction  period).  The  latter  requirement  is  particularly  liqportant. 
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By  the  term  *'autolgnltlon  delay,"  we  mean  the  time  that  passes 
frcm  the  Instant  at  which  the  hypergollc  liquid  components  come  Into 
contact  to  the  Instant  at  which  they  Ignite. 

For  safety  In  starting  the  engine,  the  autolgnltlon  delay 
time  of  the  fuel  con^onents  should  not  exceed  0.03  sec.  For  reliability 
In  starting  the  engine  under  various  meteorological  conditions  and 
at  various  altitudes,  It  Is  necessary  that  the  autolgnltlon  delay 
time  not  Increase  excessively  as  the  fuel  temperature  declines  and 
as  the  atmospheric  pressure  drops  off. 

Die  lower  the  flash  point  of  autolgnltlng  fuel  components, 
the  smaller  will  be  the  energy  necessary  to  activate  them  for  Ignition, 
l.e.,  the  smaller  will  be  the  amount  of  external  thermal  energy  re¬ 
quired  to  fire  these  conqponents.  If  combustion  begins  In  any  given 
group  of  fuel-mixture  particles,  the  activation  energy  for  the  other 
particles  will  be  transmitted  from  fuel-cooponent  particles  that  have 
already  undergone  chemical  reaction. 

The  activation-energy  values  for  different  fuel  mixtures  are 
different.  The  higher  the  required  activation  energy,  the  more  diffi¬ 
cult  will  It  be  to  Ignite  the  fuel  mixture. 

Below  we  present  the  basic  characteristics  of  those  combusti¬ 
bles,  oxidizers,  and  resultant  fuels  that  are  of  greatest  interest 
for  use  In 

SECTION  2.  PARAMETERS  CHARACTERIZING  QUALITY  OF  FUEL 

To  select  a  fuel  type  and  compute  Its  combustion  processes, 
as  well  as  for  the  general  design  of  the  engine.  It  Is  necessary  to 
have  complete  and  accurate  Information  concerning  the  (physicochemical 
and  other)  parameters  of  the  ccmibustlble,  the  oxidizer,  and  the  fuel 
as  a  whole. 
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These  peremeters  characterizing  the  quality  of  the  fuel  In-  * 

elude: 

1)  the  specific  gravity  of  the  fuel  and  Its  coaponents  as  a 
function  of  temperature; 

2)  the  solidification  (melting)  and  boiling  points  of  these 
fuel  coaponents  at  the  pressure  In  question; 

3)  their  specific  heat  capacity,  viscosity,  and  surface  ten¬ 
sion; 

4)  the  elementary  coitq;>osltlons  of  the  fuel  conqponents; 

5)  the  mixture  ratio  of  the  fuel  (ratio  of  oxidizer  to  com¬ 
bustible)  or  the  fuel's  oxldlzer-excess  factor; 

6)  the  heating  values  or  energy  contents  of  the  fuel  and 
Its  conq;>onents; 

7)  the  flash-  and  autolgnltlon  temperatures,  the  Induction 
period,  and  the  Ignition  range  of  the  fuel  In  question; 

8)  the  ccxnbustlon  temperature  of  the  fuel  imder  the  specific 
conditions  Involved; 

10)  [sic]  the  specific  gas  yield  of  the  fuel,  l.e.,  the  volvoae 
of  the  gases  that  form  on  combustion  of  a  unit  weight  or  volume  of 
the  fuel,  reduced  to  standard  conditions; 

11)  the  specific  thrust  developed  by  the  engine  In  operation 
on  the  fuel  In  question  under  specified  conditions; 

12)  the  chemical  stability  of  the  fuel  components  and  the  pro¬ 
ducts  of  Its  combustion; 

13)  the  corrosion  of  the  physical  parts  of  the  engine  by  the 
fuel  components  and  the  combustion  products  of  the  fuel; 

14)  the  mutual  solubility  of  the  fuel  coaponents  and  their 
chemical  action  on  one  another; 

13)  the  foreign- Impurity  content  In  the  fuel  c<xiq>onents  and 
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their  influence  on  the  engine's  operation; 

16)  the  chenlcal  activity  of  the  fuel  components,  l.e.,  the 
ability  of  the  c<»bustlble  and  oxidizer  to  enter  reaction  with  one 
another,  which  Is  characterized  by  the  rate  of  chemical  conversion 
of  the  reacting  substances  under  the  specific  conditions  involved; 
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Fig.  3*1 •  Physical  constants  Fig.  3*2.  Physical  constants  of 
of  tractor  kerosene  as  a  func-  kerosene  as  a  function  of  tempera- 
tloB  of  temperature  (at  stan-  ture  (at  standard  pressure), 
dard  pressure). 

17)  the  heat  of  foxviatlon  of  the  component,  the  heat  required 
to  bring  It  to  the  boiling  point,  and  the  heat  of  evaporation  of  the 
fuel  components; 

18)  the  hygroscoplclty,  volatility,  and  toxicity  of  the  fuel 
components; 

19)  the  technical  availability,  cost,  and  other  characteristics 
of  the  fuel  components. 

The  above  properties  euid  characteristics  of  the  fuel  deter¬ 
mine  the  efficiency  and  specific  thrust  of  the  engine,  the  possi¬ 
bility  of  cooling  it  with  one  of  the  fuel  components,  the  fuel-supply 
system,  operational  reliability,  simplicity,  and  safety,  and  the 
possibility  and  expediency  of  using  the  fuel  In  the  engine. 

The  basic  Indicators  that  determine  the  quality  of  a  given 
fuel  are  the  specific  thrusts  that  It  develops  per  unit  weight  and 


volume. 
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The  specific  gravities  and  freezing  and  melting  points  for 
specified  conditions  are  listed  in  tables  borz>owed  from  the  handbooks 
and  other  literature  sources,  together  with  other  characteristics 
of  certain  fuel  coiiQ)onents . 

Figures  5.1-5*7  show  the  physical  constants  (specific  gr<|vity, 
specific  heat  capacity,  thermal  conductivity,  viscosity,  etc.)  of 
the  most  widely  used  combustibles  and  oxidizers  as  functions  of  tem¬ 
perature  . 

Certain  physical  constants  of  a  fuel  or  Its  Individual  oom- 
ponents  can  be  determined  by  the  following  formulas: 


3  r 


ri^'c 


Fig.  5.3.  Physical  constants  of  Fig.  Physical  constants  of 
ethyl  alcohol  of  100^  concentra-  Tonka-250  combustible  as  a  func¬ 
tion  by  weight  as  a  function  of  tlon  of  tenqperature  (at  standard 
tenqperature  (at  standard  pressure),  pressure). 

1)  Pj^gp^i  2)  Pg,  atmospheres  abso¬ 
lute;  3)  Pg,  Pg  -  Pg  [  oot  identi¬ 
fied];  4)  Pj,  I  not  identified]. 

1)  the  specific  gravity  of  the  fuel, 

_ 7f  -t-l)  *»  ‘ 


T  =!t±ll2»«2»2dl±ii  **  (5*1) 

l+X'  T.  +  XTr  ’ 

where  and  are  the  specific  gravities  of  the  combustible  and 
oxidizer,  respectively,  under  the  specified  temperature  and  pressure 
conditions,  and  x'  and  X  volume  and  weight  proportions  of  the 

fuel  components; 


^Hcn  “  ^Isp  “  ^ispareniye  “  ^evaporation.] 


••CYt  “  Yt  *  Ytopllvo  ■  '''fuel,  propellant'  ''r  “  ''^g  “  '''goryucheye 
'^'combustible*  ''^o  "  ’''o  “  '''okislitel *  “  "''oxidizer*^ 
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Fig.  3<3>  Physical  constants  of 
nitric  acid  of  100^  concentra¬ 
tion  by  weight  as  a  function  of 
tenqperature  (at  standard  pres¬ 
sure)  . 


Fig.  3*6.  Physical  constants  as 
a  function  of  temperature  for  an 
oxidizer  consisting  of  BOfi  of 
9B^  »nd  20jj  of  NgO^^  (at  stan¬ 
dard  pressure) . 


2)  the  specific  gravity  of  a 
mixture  of  several  components: 

Y-yiifi+ytY»+...  +  etc. ,  (3.2) 

where  g^^,  gg,  etc.,  are  the  weight 

„  fractions  of  the  corresponding  com- 

Flg.  5•7^  Physical  constants  of 

liquid  oxygen  as  a  function  of  ponents  In  one  leg  of  mixture;  y, , 
temperature .  ® 

etc.,  are  the  specific  gravities  of 
these  components  under  the  specified  temperature  and  pressure  con¬ 
ditions; 

3)  the  heat  capacity  of  a  mixture  of  components: 

c»g,c,  4  +.et  c . ,  (3.3) 

where  c^,  Cg,  etc.,  are  the  heat  capacities  of  the  corresponding  com¬ 
ponents  In  the  mlxtvu:*e  for  the  specified  tenqperature  and  pressure 
values ; 

4)  the  thermal  conductivity  of  a  given  unassociated  liquid 
component ; 

(  ^  l«i^^XJ^lccal/a>.hour-®C,  (3.4) 

where  le  the  thermal  conductivity  In  kcal/m-hour-^C, 
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Cq  Is  the  heat  capacity,  Is  the  specific  weight  of  the  ccnnponent  at 
the  tenperature  and  pressure  specified,  and  Is  the  molecular  weight 
of  this  cosqponent; 

5)  the  thermal  conductivity  of  a  component  mixture  (approxi¬ 
mate  determination) : 

+  ®tc . ,  (5*5) 

where  etc.,  are  the  thermal  conductivity  coefficients  of  the 

corresponding  fuel  components  at  the  teiiq[>erature  and  pressure  speci¬ 
fied; 

6)  the  kinematic  viscosity  coefficient  of  a  mixture  of  com¬ 
ponents, 

2 

v«— - !_ _  m  /sec  /c 

•  (Sihti+(gtl^+.  .  .+etc. 

where  v^,  Vg,  etc.,  are  the  kinematic  viscosity  coefficients  of  the 
corresponding  components  at  the  tanperature  and  pressure  specified 
(v  «  t)/p,  where  p  Is  the  density  of  the  component). 

The  basic  parameters  characterizing  the  quality  of  a  fuel  also 
Include  Its  efficiency,  l.e.,  the  missile  velocity  attainable  at  the 
end  of  the  powered  trajectory  with  the  engine  operating  on  this  fuel, 
since  this  velocity  Is  the  basic  factor  determining  the  range  of  a 
reaction- thrust  missile. 

The  relative  efficiency  of  a  given  fuel  or  Its  components 
under  a  given  set  of  operating  conditions  (given  values  of  the  ZhRD's 
thrust,  combustion-chamber  pressure,  constant  per-second  fuel  flow 
rates,  etc.)  can  be  estimated  from  the  corresponding  formulas. 

Table  3.1  lists  the  saturation  vapor  pressures  of  certain 
fuel  components,  and  Appendix  VIII  shows  the  vapor  pressures  of 
certain  liquids  as  functions  of  temperature. 
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Table  3.1. 

Saturation  Vapor  Pressures  of  Certain  Fuel  Conqponents  Used  in  Foreign 

Rocket  Types 
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1)  Substance;  2)  chemical  formula;  3)  pressure  In  atmospheres;  4)  criti¬ 
cal  parameters;  5)  tj^,  ®C;  6)  pj^^,  atmospheres;  7)  ten^erature,  oc; 

8)  100^  ethyl  alcohol;  9)  same,  92^}  10)  100$^  methyl  alcohol;  11)  Iso¬ 
propyl  alcohol,  100^;  12)  aniline;  13)  ammonia;  l4)  kerosene;  15) 
Tonka-250;  l6)  hydrazine;  17)  asymmetrical  dlmethylhydrazine;  (di- 
maalne);  l8)  methylhydrazlne;  19)  liquid  oxygen;  20)  100^  nitric  acid; 
21)  same,  22)  nitrogen  tetroxlde;  23)  mixture  of  BOfi  93^  HNO^ 

+20fi  NgO^^;  24)  water. 


SECTION  3.  MEIHODS  OF  COHVERTINO  ELEMENTARY  WEIGHT  COMPOSITIONS  OF 
FUEL  COMPONENTS  INTO  CONVENTIONAL  CHEMICAL  FOTMULAS  AND 
VICE  VHISA 

In  evaluating  fuels  and  making  thermodynamic  calculations  for 
gljgQ,  it  Is  sometimes  necessary  to  convert  the  elementary  weight  com¬ 
positions  of  the  fuel  components  Into  conventional  chemical  formulas 
and  vice  versa. 

When  oxygen- bearing  oxidizers  are  used,  the  components  of  a 


fuel  at  100J<  concentration  by  weight  may,  in  their  general  form,  have 
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the  following  elementary  weight  conqposltlons. 


Fuel:  Cg  -  carbon; 

Hg  —  hydrogen; 
Og  -  oxygen; 
_ Ng  -  nitrogen. 

Total  100^  or  1  kg 


Oxidizer:  —  Carbon;** 

0 

Hq  -  hydrogen; 
Oq  -  oxygen; 

-  nitrogen. 

Total  100$^  or  1  kg 


But  the  Identical  con^osltlons  of  the  combustible  and  oxidizer 
can  be  e^qpressed  In  the  form  of  the  following  conventional  chemical 
formulas : 

a)  fuel  H.  0^  N  and  b)  oxidizer  , 

®1  ^1  ®1  *^1  “2  ®2  ^2 
where  h^,  o^,  n^^  and  c^,  h^,  Og,  ng^  are  the  numbers  of  atoms  of 

the  Individual  elements  In  the  combustible  and  oxidizer,  respectively. 

Similar  conventional  chemical  formulas  can  be  written  for  a 

large  niunber  of  elements  forming  combustibles  and  oxidizers,  such  as 

Hv,  0^  P-  Cl^,  for  a  complex  oxidizer. 

°2  ^2  °2  ^2  ^2  ®^2 

Conversion  of  a  specified  set  of  weight  fractions  for  the 
elements  of  the  combustible  C«,  0_,  and  N_  and  the  oxidizer  C_, 

e  S  S  8  O' 

In  percent  Into  conventional  chemical  formulas  reduces 

0  0  0 

basically  to<  determining  the  number  of  atoms  of  the  Individual  ele¬ 
ments  In  the  fuel  components  by  the  following  formulas. 

Combustible: 


Oxidizer: 


C  smSS-'  h  •Jir*  O  »  ^  ■  B  — 

'*12'  I  ’  ®‘  le  ’  “•  M  * 

I  12  •  "t  1  *  ^  I«  ’  14  • 


(5.7) 


(5.8) 


Conversion  of  given  fuel-component  coiqposltlons  from  con¬ 
ventional  chemical  formulas  Into  the  weight  fractions  of  the  elements 
Is  carried  out  by  the  following  formulas. 


g  ,  goryucheye  ■  combustible.] 
**[o  o  >  oklslltel'  X  oxidizer.] 
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goBbuatiblet 


Cr- 
0, 


Oxidizer: 


«£l 

m- 

woi. 

H  * 

i?!L; 

1^ 

Pe 

iSSL; 

(5.9) 


H  fo 


(5.10) 


where  M-g  *  12c^  +  +  l6oj^  +  l4nj^  Is  the  molecular  weight  of  the 

combustible; 

M.Q  =  12c2  +  hg  +  1602  +  I4n2  Is  the  molecular  weight  of  the 

oxidizer. 

If  the  combustible  and  oxidizer  consist  of  several  different 
cono^onents^  the  weight  fractions  of  the  elements  are  determined  for 
them  by  the  following  formulas. 

Combustible; 

Q"^tCr,+gjCr,:  +gi|Hr,;  I 

.•  I  ! 


Oxidizer: 


0,">giOi,  +gtOr«^N,»g|Nr,  +g|Nr,. 

and 


0,-g,0.. N,«f,N,,  +f,N^, 
and 


.1 


(5.11) 


(5.12) 


where  g^  and  gg  are  the  weight  fractions  of  the  combustible  mixture 

In  kg/kg,  C_  ,  H_  ,  luid  C_  ,  are  the  elements  of  the  respective 
©2  82  ©2  ®2 

conqponents  In  the  combustible  mixture  In  kg/kg,  and  and 

are  the  same  for  the  oxidizer,  In  kg/kg. 

The  conq;>osltlons  of  the  fuel  components  for  specified  con> 
centratlons  In  aqueous  solution  may  be  expressed  by  the  following 
conventional  chemical  formulas: 


and 


(5.13) 


here,  mg  and  m^  are  the  nuinbers  of  water  molecules  per  mole  of  pure 
fuel  and  pure  oxidizer,  respectively,  as  determined  by  the  formulas: 


jn^  «cdi52:ziEL  mol  e/mole ; 
11^ 


mole  /mole ,( 5 .  i4 ) 
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where  and  are  the  concentrations  of  the  combustible  and  oxi¬ 
dizer,  respectively,  in  aqueous  solution. 

If  of  combustible  and  of  oxidizer  are  contained  In  the 
aqueous  solution  In  quep"-lon,  the  weights  of  the  corresponding  solu¬ 
tions  according  to  calculation  for  1  mole  of  pure  combustible  will  be: 


•r 

Exanple  1.  Write  the  conventional  chemical  formula  for  kero¬ 
sene  If  the  weight  fractions  of  Its  elements  are  as  follows:  Cg  =  86 
and  H  =  13.658. 


Solution. 

1 .  The  numbers  of  atoms  of  the  Individual  elements  In  kero-^ 
sene  of  this  composition  will  be 

^  4.  Hr 


12  12 


7.2and>,«ii.i8.«, 


2.  Kerosene  has  the  conventional  chemical  formula  Cy  2®^13.6' 
Example  2.  Determ^Ae  the  elementary  weight  composition  of  a 
combustible  consisting  of  5058  by  weight  of  trlethylamlne  (CgHj^^N) 
and  5058  by  weight  of  xylldene  (CgH^^^N). 

Solution. 

1.  The  molecular  weights  of  the  combustible  conqponents  are: 

a)  for  trlethylamlne, 

•  Ik|  +  k|  +  laii  - 12-6  +  hl5  + 14.1  -  lOl.Q; 

b)  for  xylldene, 

,1;^  •  12-8  +  IM  +  14.l  •  121,38. 


2. 

components 

a) 


The  elementary  weight  fractions  of  the  combustible- mixture 

are: 

for  trlethylamlne. 
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kg 

I2ci  12.8  f 

Pr,  -  -  joj;;,  -  0.7118  «  -  71 ,18HS 

”r.  -  ^  -  0. 1482  Kt  -  l4,82Mi 

**r, -2^  -  - 0,1408  ** «•  14.08N; 

'Tofail  T  IS'oFTOy" 


b)  for  xylldene^ 


kg 

•  iS  "  ®'’®*  ^•***‘* 

•V,  *■*  “ 


N. 


14 


'A>tti  1  kg  or  lUOil 


3.  The  elementary  weight  fractions  of  the  combustible  mix¬ 


ture  are 


kg 


/ 


Cr«fiC,,  +^j^,^-0.5.0,7115  +  0.5  0.793»-0,7a27  ik; 

Hr  -  f  iH,,  +  irjH,,  -  0,5*0, 1482  +  0.5  0,0907  -0.1194  «; 

>*r  -  f  ,N,j+  -  0,5  0,1408  +  0,5  0, 1 154  -  0, 1279  *«. 

TbTaTTTEg - 

Example  3.  Write  the  conventional  chemical  formula  for  96$^ 
by-welght  nitric  acid  and  determine  the  weight  fractions  of  Its  ele¬ 
ments. 


Solution. 

1.  The  water  content  of  the  aqueous  nitric  acid  solution  Is 

®  -  C1145  mole/mole . 

2.  The  conventional  chemical  formula  for  this  aqueous  nitric 
acid  solution  takes  the  form 

HNQ|«*H|0  -  HNQaai45t%a 

3.  The  wel^t  of  the  aqueous  solution,  calculated  for  one  mole 
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of  pure  nitric  acid  Is 


too 


flojkg. 


4.  The  elementary  welgd^t  fractions  of  the  oxldlzer-mlxture 
conqponents  are 


a)  nitric  acid 

kg/kg;  «  M  » 


or,  taken  together. 


o,.-l~-o^icg/kg; 


*Vi +**•,+ Qh  “  40W + aw + M»-iJcg ; 


b)  water 


-am kg/kg  and 


0.. -aw  kg/kg  j 


••IS 

or,  taken  together, 

+ 0^  -  an  I + aw  - 1  kg . 

5‘  The  elementary  weight  fractions  of  the  oxidizer  mixture  are: 
h# — fiH^ +#iH^  ■■  o,s6-o,oie+aoi  •  am  -  aoao  kg/kg; 


H*  -  awo,782 -a2«  kg/kg; 

0,  -  aMa222  aM'OW  -  aseirkg/kg 
Total  1  kg  or  lOOJR - 

SECTION  4.  DETERMINATION  OF  OHEORETICAL  AND  ACTUAL  QUANTITY  OF  OXI¬ 
DIZER  REQUIRED  FOR  COMPLETE  COMBUSTION  OF  A  UNIT  OF  COM¬ 
BUSTIBLE 


A  fully  determinate  quantity  of  oxidizer  Is  theoretically  re¬ 
quired  for  complete  combustion  of  a  given  quantity  of  combustible. 

For  example,  conq>lete  combustion  of  1  kg  of  tractor  kerosene 
theoretically  (stolchlometrlcally)  requires  l4.8  kg  of  air,  or  7*4  kg 
of  hydrogen  peroxide,  or  5>4  kg  of  98$^Uy-welght  nitric  acid,  or 
3.42  kg  of  liquid  oxygen. 

In  Its  general  form,  therefore,  the  ccmiposltlon  of  the  fuel 
for  an  oxygen  oxidizer  may  be  e3q>res8ed  by  the  following  conventional 
chemical  formula: 


Cf,  Hk,Oo,Na,  +  X^Cc,!  lb,OtjNa,, 


(5.16) 
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where  is  the  number  of  moles  of  oxidizer  theoretically  required 
for  conqplete  combustion  of  one  mole  of  combustible,  as  determined 
from  the  equality  of  the  nunibers  of  oxygen  atoms  before  and  after 
consist e  combustion  of  the  C(xnbu8tlble  fuel  elements  (Tables 
and  5.3),  l.e., 

«i-h^P*—2(ci  +Xf,e»)  +0,6(hi  j 

from  which  It  follows  that 

!  mole/mole.  (5.17) 

In  this  formula,  the  numerator  represents  the  number  of 
oxygen  atoms  required  for  cooQ)lete  combustion  of  one  mole  of  com> 
bustlble,  while  the  denominator  Is  the  number  of  oxygen  atoms  con¬ 
tained  In  one  mole  of  oxidizer. 

Table  3.2 

Numbers  of  Atoms  of  Individual  Elements  In  Molecule  of  Combustible, 

Oxidizer,  and  Fuel,  In  General  Form 


.^SMuram  wpwHWP 
•  pnumtM 

2  B  1  MOM 

^  B  1  MOM 
OmCMftM 

Hwws  jr»i» 

5  VrMpox 

*1 

«i+V  «t 

6  IPMpPX 

ki 

Bi+V  ** 

7  Kacaopag 

•i 

•1+:^  •• 

8  Am 

"1 

■i+V 

1)  Elements  of  condsustlble  and  oxidizer;  2)  In  one  mole  of  ocmtbus- 
tlble;  3}  In  one  mole  of  oxidizer;  4)  In  fuel,  from  calculations  for 
one  mole  of  combustible;  3)  carbon;  6)  hydrogen;  7)  oxygen;  8)  nitro¬ 
gen. 


Analogous  foxmilas  can  be  written  for  a  fuel  consiatlng  of  a 
large  number  of  ccxnbustlble  and  oxidizer  elements. 

The  quantity  of  oxidizer  theoretically  required  for  complete 
combustion  of  a  given  unit  weight  of  combustible  Is  frequently  referred 
to  as  the  propellant  mixture  ratio. 

The  above  formulas  enable  us  to  determine  the  molar  stolohlo- 
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metric  propellant  mixture  ratio  Independently  of  the  combustible  and 
oxidizer  concentrations. 


For  lOOjt-by-welght  concentration  of  the  combustible  and  oxi¬ 
dizer,  the  volumetric  and  gravimetric  stoichiometric  propellant  mix¬ 
ture  ratios  are  determined  by  the  formulas; 

(5.18) 


r*»  O,  r/Tr  *- 


from  which 


(5.19) 


kg/kg,  (5.80) 

7r 

where  Y-  Yq  «re  the  specific  gravities  of  the  cond^ustlble  and 
oxidizer,  respectively.  In  kg/llter. 

Table  5.3 

Number  of  Oxygen  Atoms  Required  for  Combustion  of  Combustible  Fuel 
Elements  and  Moles  of  Combustion  Products  Obtained  with  this  Number 


- 1 - 

ypamtma  cropiHM 
rO|NO«U  MtMWTM 

- 2 - 

noTpcfiHOe  ’iHcao  aroMoa 
XHCiopoM  xaa  noaMro 
.  cropama  ropamu  aae. 
McaToa  TMumaa 

- T - 

noa/aaeiwc  aacao  aoaai 
apoxyaiM  BAaaera  era. 
paaaa  1  mom  ropwawa 
moamImom 

C+Oi-COi 

4  Amt  m  ropHT 

2(C|+V»> 

0.5(lii+V«»*) 

)KacaopoM  ae  TpaSjrcTca 

^CO,***!^"*^** 

A«ii,-8,+|„at 

6 

Becro  tcop«th<icckii  rpt* 
6jr«TCfl  iinc4opojia  h  o0pa- 
ajrtKa  npajo^irrM  cro^ 

2(C|+)!^Cj)  + 
•l-0,5(k|-T)r,,h2)-  1 

Afr  AfcOj+Afii^ + i*H,- 
*Ci+®»5  fci+ai+ 

1)  Combustion  equation  of  coinbustlble  fuel  elements;  2)  number  of 
oxygen  atoms  required  for  coiqplete  combustion  of  combustible  fuel 
elements;  3)  number  of  moles  of  products  obtained  In  complete  com¬ 
bustion  of  one  mole  of  combustible,  mole/mole;  4)  nltix>gen  does  not 
bum;  5)  oxygen  not  required;  6}  total  oxygen  theoretically  required 
and  total  fuel- combust Ion  products  formed. 

For  specified  weight  concentrations  of  combustible  and 

oxidizer  In  aqueous  solutions,  the  fuel  composition  Is  given 

In  general  form  by  the  following  conventional  chemical  formula: 
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where  nig  and  are  the  niombers  of  water  molecules  in  one  mole  of  the 
combustible  and  oxidizer,  respectively,  as  determined  by  the  foxmulas 
given  above,  in  moles/mole. 

Here,  the  stoichiometric  proportions  by  weight  and  volume  of 

the  fuel  components  are  determined  by  the  formulas 

IM 


i^‘ 


Xlters/llter 


l*A  7* 


(5.22) 

(5.23) 


We  may  write  formulas  for  determining  the  coefficients 
and  Xq  ^or  specific  fuels,  for  example: 

1)  for  a  complex  fuel!  and  aqueous  nitric  acid  solution  In 

different  concentrations  by  weight 

i  C«.Hfc.O..N.,  (HNOrmJIfi): 

Jci±M!L=2Ljnole/mole:  kg/kgi 

"  S—O.eiii  ^  12e|  +  fc,  +  lth 

2)  for  a  ccxqplex  fuel  and  oxygen, 

C^Hu,0.,N^+X^ 

X»""C|+0.25b,-~0,5.p|  moles/mole 


l^i  +  fci  + 1®'0|  -f  Mil 


kgAg 


3)  for  a  comibustlble  and  a  solution  of  ozone  In  oxygen, 

Cc,Hk,0«.  +x^(Ok.M,Ok); 

If  the  fuel  Is  specified  In  the  form  of  the  elementary  com¬ 
positions  of  the  combustible  and  oxidizer,  the  stoichiometric  mixture 
ratio  by  weight  will  be  determined  for  the  fuel  by  these  formulas. 

1.  For  an  oxidizer  consisting  of  pure  oxygen 

kg/kg 

where  Cg,  Hg,  and  Og  are  the  combustible  elements  In  kg/lcg. 

2.  For  use  of  an  oxidizer  whose  o<xq|>osltlon  also  Includes  com¬ 
bustible  elements: 
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*  -Jcg/lcg 


Here,  In  this  case,  the  molar  stoichiometric  mixture  ratio 
of  the  fuel  will  be  determined  fr<»n  the  formula  given  earlier: 

I  **""*^S^  *""**51 

Tables  3.4  ~  3.6  list  values  of  the  stoichiometric  mixture 
ratios  by  weight  and  vol\ime  for  the  most  extensively  used  fuels. 

Example  4.  Determine  x^»  Xq»  ®hd  i'or  a  fuel  consisting 
of  kerosene  of  the  composition  C.^  13%3  3  nitric  acid  of  9^  con¬ 
centration  by  weight  when  y  «  0.84  kg/llter,  y  -  1.3  kg/lller,  and 

&  w 

m^  a  0.184  kmole/kmole. 

Solution. 

The  mixture  ratio  for  this  fuel  will  be 

,  3C|4-O.Sh,~o,  2  7.15 +  S  I3.S-ft  . . /WM 

a)  V  oj— o,5ii,  "  0.51  “8,16  kmole/kmole, 

b)  by  weight 

„  .  Ho-f  lawo  03.18.0.184 

12c,  +  fe|+ 16p,  “  *•’*  12. 7.15  +18.5"  ; 

c)  by  volume 


4-x.-? -Wi2~-i08illter/llter. 

!•  ■t® 

Example  3«  Determine  the  theoretical  amount  of  tetranltro- 
methane  C(N02)i^  for  complete  combustion  of  one  kmole  and  one  kg  of 
kerosene  of  the  following  ccmqposltlon:  C  «  86.4^  and  H  «  13>6^> 

&  O 

Solution. 

1.  The  conventional  chemical  formula  of  kerosene  of  this  com¬ 
position  takes  the  form 

2.  The  stoichiometric  mixture  ratio  of  the  fuel  will  be 
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Solution. 


-  1.6  -  0.016  kg; 

Oq  -  76. 2J^  -  0.762  kg 

-  22. -  0.222  kg 
Tdtml  lOOy  or  1  kg 


jCr  4- 111,-0, 


1*85,6 +  8. 14.4 

76.»— i.]^  kiAl;. 


SECTION  3.  DETERMINATION  OF  EXCESS  OXIDIZER  RATIO  ffOR  FUEL 


Calculation  and  eiqperlment  indicate  that  the  highest  specific 
thrusts  are  developed  by  an  engine  in  operation  on  a  fuel  having  a 
small  oxidizer  deficiency,  since  in  this  case: 

1)  the  temperature  of  the  fuel's  products  of  combustion  is 
lowered  as  a  result  of  dilution  by  the  combustible  and,  consequently, 
the  heat  losses  due  to  dissociation  of  the  gases  are  reduced; 

2)  the  products  formed  on  combustion  of  the  fuel  have  low 
molecular  weights  (gaseous  hydrogen  and  other  light  gases),  and,  con¬ 
sequently,  higher  gas  constants; 

3)  conditions  for  mixing  of  the  fuel  components  are  Improved, 
since  the  wider  the  divergence  of  the  fuel-mixture  composition  from 
the  stoichiometric,  the  easier  will  it  be  to  set  up  agitation  and 
obtain  a  stoichiometric  mixture  conqposltlon  for  the  component  present 
in  deficient  quantity. : As  a  z^sult,  cnsbustlon  will  be  complete  and 
the  specific  heat  yield  of  the  fuel  will  be  higher;  in  combination 
with  the  factors  enumerated  above,  this  will  raise  the  specific  thrust 
of  the  engine. 

On  the  other  hand,  however,  some  of  the  c(»g>onent  remains 
unbumed  in  the  combustion  products  when  the  c(mdE>ustible  is  burned 
with  an  oxidizer  deficiency,  and  some  of  the  conibustlble  is  wasted. 

In  practice,  therefore,  there  must  be  a  reasonable  limit  to  the  amount 
by  which  the  oxidizer  proportion  in  the  fuel  is  reduced  below  the 
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stoichiometrlcally  necessary  quantity. 

The  ratio  of  the  quantity  of  oxidizer  actually  consumed  In 
hurating  a  unit  quantity  of  combustible  is  coamionly  known  as  the  ex¬ 
cess  oxidizer  ratio  of  the  fuel  and  denoted  by  the  letter  i.e., 

{ 

(5.») 

from  which  the  actual  quantity  of  oxidizer  for  coedbustlon  of  a  unit 
of  fuel  will  be 

X|1  =  aXp,  kmole/kmole;  X  *  “X©  k«/lcg  and  X'  -  oX'  llters/liter, 
where  x,',>  X>  and  x'  are  the  actual  molar,  weight,  and  volume  mixture 
ratios  of  the  fuel,  respectively. 

In  modem  engines,  a  *  0.70-0. 98. 

If  the  oxidizer  contains  combustible  elements,  there  will  be 
a  considerable  difference  between  the  excess  oxidizer  ratio  and  the 
excess  oxygen  (fluorine,  chlorine)  ratio. 

^  Table  5.4  lists  calculated  values  of  x  and  x'  different 

a  for  a  fuel  consisting  of  kerosene  Cj  25^3  5®0  05  ^"^g  “  kg/llter 
at  20^0)  and  aqueous  solutions  of  nitric  acid  of  various  concentra¬ 
tions  by  weight,  as  computed  for  standard  temperature,  taking  Into 
account  the  change  In  the  specific  gravity  of  the  nitric  acid  as  a 
fiuictlon  of  Its  concentration. 


Table  5.4  Table  5.5 


96 

96 

100 1 

96 

96 

100 

« 

3— 

% 

M/n 

X' 

Al* 

c 

^  X 

•  mAr  I 

4 

f  "1 

U 

M 

2.901 

2.961 

2.998 

1,071 

1,048 

1.022 

0.0 

2,064 

I.# 

0.7 

i,sn 

3.634 

3.491 

1.991 

1,966 

1.939 

0,7 

2.397 

1.741 

0.0 

4.171 

4.I2S 

4.061 

2.331 

2.297 

2.9« 

0.0 

2,791 

1.9S 

0.9 

4.138 

4,790 

4.661 

2,709 

2.041 

2,690 

0.9 

3,099 

240 

1.0 

MM 

6.4M 

6.20s 

3.061 

3.094 

2.904 

1.0 

3,424 

2.40 

1}  Concentration  In  %}  2)  coefficient  a;  3)x  Icg/ks;  4}  X'  liters/ 
/liter. 
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Table  3.5  lists  calculated  values  of  X  X'  a  fuel  con¬ 
sisting  of  kerosene  Cj  2  kg/llter  at  20®C)  and 

liquid  oxygen  0^, 

Table  3.6  presents  values  of  x  x'  for  a  fuel  consisting 


of  aqueous  ethyl  alcohol  solutions  of  different  weight  concentrations 


(CgH^OH  *111^1120)  and  liquid  oxygen  Og. 
Table  3.6 


,  KoMQeiiTMum  . 

1  CiH«0Hi  M 

76 

88 

95 

100 

75 

85 

95 

100  : 

_ _ 2 _ Li- 

la/K* 

~T 

K'* 

*1* 

o.« 

0.7 

o.« 

0.0 

1.0 

0,745 

0,950 

1,154 

1,359 

1.564 

1 

0,892 

1,112 

l,to 

1,^ 

1,772 

1,038 

1,274 

1,509 

1,745 

1.980 

1,112 

1.355 

1.1^ 

1,841 

2,086 

0,558 

0,712 

0.86S 

1,019 

1,172 

0,649 

0,809 

0,909 

1,139 

1,290 

0,731 

0,797 

1,063 

1,299 

1,388 

0,701 

0,037 

I.IOI 

i.2n 

1,441 

1)  Concentration  of  CgH^OH*  2}  x  In  kg/kg;  3)  X'  in  llters/llter . 


Fig.  3.8.  Percentage  contents 
by  weight  of  combustible  and 
oxidizer  In  fuel  as  functions 
of  the  mixture  ratios  x  and 
X'.  1)  ^  by  weight  or  volume; 
2)  oxidizer;  3)  combustible; 
4)  X  and  X'. 


Fig.  3.9.  Specific  thrust  of  engine 
as  a  function  of  excess  oxidizer 
ratio  In  fuel  for  different  com¬ 
bustion-  chanber  pressures.  1) 

1)  Pud.k'  ^k'  atmospheres 
absolute;  4)  “opf* 


If  we  know  the  proportions  of  the  fuel  components  by  weight 
or  by  volume,  xS  the  curves  of  Fig.  3.8  can  be  used  for  approximate 


determination  of  the  combustible  and  oxidizer  contents  of  the  fuel 


ya.K 

Pk- 


mPmiP  Bp  *Pm 

ud.k  udel'noye,  kamernoye  chaaiber,  specific'  k 
^kamemoye  “  ^chamber'  °bnT  "  ®opt  “  “optimal 'nyy  “  “optimum*^ 
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In  percent  by  weight  or  voliune. 

Less  them  adequate  study  has  thus  far  been  devoted  to  the 
problem  of  the  optimum  value  for  different  fuels  as  a  function 
of  ccmibustlon- chamber  pressure.  For  a  given  pressure  in  the  engine's 
combustion  chamber «  the  optimum  value  of  the  excess  oxidizer  ratio 
will  be  that  which  corresponds  to  the  specific- thrust  maximum,  and, 
like  the  optimum  value  of  this  coefficient,  the  specific  thrust  de¬ 
pends  on  the  nature  of  the  outflow  process  of  the  fuel's  combustion 
products  through  the  nozzle. 

As  the  pressiire  in  the  engine's  chamber  rises,  the  dissocia¬ 
tion  of  the  combustion  products  is  reduced  (the  conibustlon  process  is 
intensified),  so  that  the  value  of  a  Increases  with  respect  to  the 
maximum  specific  thrust  (Fig.  3*9) • 

Calculation  indicates  that  fuels  with  high  combustion  tenq;>era- 
tures  (e.g.,  kerosene  plus  liquid  oxygen)  have  specific- thrust  maxima 
in  a  region  of  a  smaller  (Fig.  3*10)  than  tnose  for  fuels  with  rela¬ 
tively  low  combustion  temperatures  (e.g.,  kerosene  plus  nitric  acid). 

For  a  given  pressure  in  the  engine’s  chamber,  the  fuel- com¬ 
bustion  temperature  maximum  with  respect  to  a  will  be  closer  to  unity 
than  the  specific- thrust  maximum. 

Calculations  Indicate  that  a  3$^  change  in  x  frexn  its  optimum 
value  will  reduce  by  0.3$^,  while  a  2^  change  in  x  will  change 
the  temperature  of  the  fuel- combustion  products  by  almost  30^C  and 
the  terminal  velocity  of  the  missile  by  approximately  4$^. 

For  approximate  determination  of  the  optimum  value  for 
a  given  fuel  as  a  function  of  engine- chanber  pressure,  it  is  neces¬ 
sary  to  assign  cez^ain  hypothetical  values  of  a  (no  fewer  than  four) 
and  cospute  the  engine's  specific  thrust  for  these  values,  and  then 
constznict  a  diagram  of  as  a  function  of  a. 
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Pig.  3*10.  nieoretlcal  specific 
thzMst  developed  with  certain 
fuels  as  a  function  of  oxidizer 
excess  ratio  with  oonibustlon> 
chaniber  pressures  pj^  «  20,  40, 

and  6o  atmospheres* absolute . 

1}  Kerosene  +  96^  nitric  acid; 
2)  93*5^  ethyl  alcohol  +  liquid 
oxygen;  3)  kerosene  +  liquid 
oxygen,  a)  b)  kg  of 

thrust  As  of  fuel/sec;  c)  at¬ 
mospheres  absolute. 


Fig.  3.11.  Ideal  and  actual  heat 
yields  of  fuel  as  functions  of 
excess  oxidizer  ratio.  1)  q,  kcal/kg; 
2)  3) 

Figure  3.11  shows  curves  of 
the  specific  heat  yields  of  a  fuel 
in  an  ideal  engine  (q^  and  in  a 
real  engine  q^^  (taking  accessory  heat 
losses  into  account)  as  functions  of 
the  excess  oxidizer  ratio  a  of  the 
fuel. 

It  will  be  evident  from  this 
figure  that  the  curve  of  q^^  has  a 
maximum  at  o  <  1,  lies  below  the 
curve  of  q^^.  ^  and  tends  to  approach 
closer  to  it  in  the  low- temperature 
regions  associated  with  large  oxi¬ 


dizer  deficiencies  (left  branch  of  curve)  or  fuel  deficiencies  (right 


branch) . 


!nils  approxlmatioa  of  the  two  curves  is  due  to  reduced  dis¬ 
sociation  of  the  fuel- combust! on  products  as  the  combustion  process 
passes  Into  the  region  of  lower  temperatures.  The  steep  descent  of 
the  two  curves  In  the  region  of  reduced  a  (from  unity  toward  zero)  Is 

“  ^k.l  “  ^kamemyy.  Ideal 'nyy  “  Chamber,  ideal 
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accounted  for  by  the  steadily  Increasing  oxidizer  deficiency  and  the 
severely  retarded  course  of  the  conibustlon  process  due  to  depression 
of  the  temperature. 

In  the  region  of  a  >  1,  these  specific  heat-yield  curves  and, 
consequently,  the  tenqperature  of  the  fuel- combust Ion  process  as  well, 
drop  off  more  steeply  (than  In  the  region  of  a  <1),  with  the  result 
that  the  combustion  process  Itself  Is  also  inhibited. 

As  the  pressure  In  the  combustion  chamber  Is  raised,  the 
specific  heat  yield  q^^  Increases  as  a  result  of  the  reduced  dissocia¬ 
tion  of  the  fuel-combustion  products. 

The  elementary  cosqposltlon  by  weight  of  one  kg  of  fuel  for 
a  given  excess  oxidizer  ratio  a  Is  determined  by  the  formulas: 

a)  Carbon  c)  Oxygen 

^.&±a^kg.  .o,-2L^icg/kg, 

b)  Hydrogen  d)  Nitrogen 


Hr- 


^kg/kg; 


N,  ^^Icg/kg ; 


Example  8.  Determine  the  elementary  composition  of  a  fuel 
consisting  of  kerosene  (C  -  0.86;  H  ■  0.13  and  0  ■  0.01  kg/kg) 

i  ‘  O  o  CS 

and  nitric  acid  of  concentration  by  weight  =  0.020  ,  0^  ■  O.767 
and  Nq  «  0.213  kg/kg).  If  the  excess  oxidizer  ratio  a  of  the  fuel 
Is  0.8. 


Solution. 

1.  The  quantity  of  nitric  acid  of  the  specified  concentra- 
tien  by  weight  required  to  bxum  one  kg  of  kerosene  Is: 
a)  theoretical 


X* 


+  Qr 

0.-(|-C,flH,) 


.  0.767-.|.0.«8 


j 

-6.4«kg/kg; 


b)  actual 


X  -  -  AS  MS  •  4^  kg/kg . 


-  204  - 


2,  !Rie  elementary  conqposltlon  of  this  fuel  will  be 


1+1  "i+4,a6 


<^161  kg/kg; 


H, 

o, 

N. 

SECTION  6.  DETSUCNATION  OF  PROPORTIONS  EY  WEICBIT  AND  VOLUME,  SPECIFIC 
ORAVITf,  AND  SPECIFIC  VOLUME  OF  FUEL  ‘ 

For  thermodynamic  design  of  an  engine.  It  Is  necessary  to  know 

the  fractions  by  weight  and  volume  of  the  coinbustible  and  oxidizer 

and  the  specific  gravity  or  specific  volume  of  the  specified  fuel 

coBqposltlon. 

These  characteristics  of  the  fuel  may  be  determined  by  the 
formulas: 

1)  fraction  of  fuel  components  by  weight: 

‘  [  (5.86) 

where  number  of  kllomoles  of  fuel  calculated  for 

one  kmole  of  coinbustible,  with  gg  +  g^  >  1  kg; 

2)  the  specific  volumes  of  the  fuel  components 

•»-Jl/l,liters/kg;  \  lit WB/lxg,  (5.27) 

where  y  and  y  in  kg/llter  are  the  specific  gravities  of  the  conv- 
bustlble  and  oxidizer,  respectively;  these  values  are  taken  from  the 
tables  and  corrected  for  the  specified  temperature; 

3)  the  specific  volume  of  the  fuel 

,  kg/llter;  (5.28) 

4)  the  specific  gravity  of  the  fuel 
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,  2dU&  .  JiJJJJLSSm  .  0/B5 

*  +  X  1  +  4.3# 


Or  +  xO»  0.01+4.360.7#7 
J+X  "  1+4,3# 

1 +  X  1  +  4,3# 


—  0,62#  KtjKt; 


•kg/kg 


L— - 1- _ _ SLt!!efiL--te/iiter; 

5)  the  fraotlons  by  volvow  of  the  fuel  [  conqponente  ] : 


(5.29) 


tteri/llterj  j  r.-i-jj^jW^lltera/llter,  (5.30) 

where  ■  1  liter, 

g  o 

SBCtlOir  7.  DBTBtMXMATION  OF  HEAT  VALUE  OF  FUEL 


•f  UltM+ 


In  theory.  It  is  customery  to  dlstlnghleh  between  com¬ 
plete  end  Inoomplete  combustion  of  the  fuel. 

Oonqplete  fuel  combustion  is  a  term  applied  to  combustion  of 
fuel  during  which  one  of  Its  components  (that  present  in  deficient 
amount  with  respect  to  the  stolchlometrlcally  required  quantity)  is 
completely  consumed  to  form  coBd£>ustlon  products  that  are  Incapable 
of  bujmlng  further. 

Incompletp  fuel  combustion  is  a  term  applied  to  combustion 
during  which  one  of  the  coi^ponents  (that  present  in  deficient  quantity 
relative  to  the  stolchlometrlcally  required  quantity)  Is  consiuned 
partly  with  formation  of  complete- conibust Ion  products  and  partly  with 
formation  of  products  that  are  still  capable  of  burning  further  under 
certain  conditions. 

!Rie  quantity  of  heat  evolved  In  complete  conibustlon  of  a 
unit  weight  or  volume  of  fuel,  reduced  to  standard  conditions.  Is 
commonly  known  as  the  heating  value  of  the  fuel. 

Since  one  kllomole,  one  kg,  or  one  liter  Is  usually  taken  as 
the  unit  quantity  of  fuel,  it  Is  customary  to  distinguish  the  molar, 
unit-weight,  and  unit-volume  heating  values  of  the  fuel. 

Since  the  fuel  may  have  the  coinbustlble  and  oxidizer  present 
In  stolchl^etrlc  and  nonstoichlometrlc  effective  proportions.  It  Is 
also  necessary  to  differentiate  between  the  following  heating  values 


1)  the  stoichiometric  (for  o  -  l),  which  Is  usually  listed  in 
the  hazuSbook  literature,  and  the 

2)  effective  (for  a  /  1);  this  Is  usually  determined  by  cal¬ 
culation  In  each  specific  case. 

It  Is  also  customary  to  distinguish  the  following  values  for 
a  fuel  or  Its  components: 

1)  the  gross  heat  yield  —  the  quantity  of  heat  evolved  In 
conbustlon  of  a  fuel  or  fuel- component  unit  without  taking  Into  ac¬ 
count  the  heat  lost  under  standard  conditions  with  the  water  vapor 
formed  In  the  fuel- combustion  process; 

2)  the  net  heat  yield  —  the  same,  but  taking  the  heat  lost 
with  the  water  vapor  Into  account. 

Olie  gross  heat  yield  Is  not  characteristic  for  purposes  of 
evaluating  a  fuel  or  Its  components,  since  In  practice  not  all  of  the 

heat  evolved  when  the  conibustlon  products  cool  to  standard  conditions 

» 

can  be  used  In  the  engine.  For  this  reason,  the  value  of  the  fuel's 
net  heat  yield  Is  used  In  the  heat  calculations  for  the  processes. 

In  the  general  case,  the  heat  yield  of  a  fuel  may  be  governed  by  the 
heat  liberated  during  condOustion  of  the  combustible  elements  of  the 
combustible  and  oxidizer. 

Table  3,7  lists  values  of  the  stoichiometric  heat  yields  of 
certain  combustibles. 

If  the  combustible  or  oxidizer  contains  water.  It  will  be 
necessary  to  expend  a  cez*taln  quantity  of  heat  to  evaporate  It,  and  the 
heat  yield  of  the  components  must  be  reduced  by  this  quantity. 

The  heat  yields  and  enthalpies  of  petroleum- refinery  pro¬ 
ducts  are  not  normally  uniform,  even  for  fractions  with  the  sasw 
specific  gravity.  Their  values  depend  on  the  oilfield  and  the  char¬ 
acteristics  of  the  crude  petroleum,  as  well  as  on  the  refining  process. 
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fftble  5.7 

Heat  Tialde  of  Certain  Combustibles  with  Conibustlon  In  Oxygen 


1  HiMwaoMnw  fopnwo 

2  h;, 

MtUU/MMMk 

3  Wnr 

ItmAlKMPM 

4  lf,r 

MmMfm 

3  B*ao|Wji 

82  644 

57785 

88703 

0  yrjtpex 

M051 

840N 

7888 

7b«m. 

783  400 

751000 

8000 

°  T«qr«i 

833000 

803000 

8880 

9  Cniniwp 

,1470000 

1388000 

mi8o 

10  anuouil  cnpr  MOnhiiiI 

328000 

208300 

0440 

11  MctimmuI  caapT  lOOwnnHI 

170800 

148708 

4080 

14 

ycaonua  topMjm: 

12  Bcuwi  anaMMiul  rpoMMKxal 

C7,uH|44 

10800 

13  Kapocaa  mwopwiil 

C7.uHm4 

10800 

• 

10380 

• 

10280 

1)  CoBibustlblej  2)  kcal/kmole;  3)  kcal/kmole;  4)  H^g,  kcal/ 

/kg;  5)  hydrogen;  6)  carbon;  7)  benzene;  8)  toluene:  9)  turpentine; 
10}  lOOjt  ethyl  alcohol;  11)  100^  methyl  alcohol;  12}  Oroznyy  aviation 
gasoline;  13)  laqport  kerosene;  14)  conventional  formula. 


For  this  reason.  It  Is  frequently  necessary  to  use  certain  averaged 
values  for  the  heat  yields  and  enthalpies  of  petroleiun  products  for 
practical  calculations;  these  are  computed  from  their  elementary  com¬ 
positions  and  specific  gravities. 

The  net  molar  stoichiometric  heat  yield  for  a  temperature 
of  20^C  may  be  determined  by  the  formulas: 

1)  combustible: 

//nr  ^94  051CI+57  785  •  0.5b|--9718fNip  kcal/kmole ;  (3.31) 

2)  oxidizer: 

//m  -94  051crf 97  785 . 0.5hr-Qn  wr-9718Ni.  kcal/kmole ,  (3.32) 

Where  94,031  and  57,7^5  &re  the  net  stoichiometric  heat  yields  of 
carbon  and  hydrogen,  respectively,  for  complete  combustion  In  oxygen 
(see  Table  3.7)  In  kcal/kmole,  c^,  h^,  and  Cg*  hg  are  the  number  of 
atoms  of  carbon  and  hydrogen,  respectively.  In  one  kmole  of  combus¬ 
tible  and  oxidizer,  0.3h^  and  0.3h2  are  the  numbers  of  kmoles  of  water 


vapor  formed  on  complete  c(^bu8tlon  of  one  kmole  of  anhydroue  com¬ 
bustible  and  oxidizer,  respectively,  9718  is  the  quantity  of  heat 
esqpended  in  evaporating  one  kmole  of  water  at  a  pressure  of  one 
atmosphere  and  the  tenqperature  of  the  reaction  (at  one  atmosphere, 
the  heat  of  vaporization  of  water  *  539.^  kcal/kg),  m^  and  m^ 

are  the  numbers  of  kllomoles  of  water  in  the  form  of  an  Inqpurlty  in 
one  kmole  of  combustible  and  oxidizer,  respectively,  as  determined  by 
the  formulas  given  above,  and  is  the  heat  of  formation  of 

the  oxidizer  from  the  elements  H,  C,  N,  and  0  in  kcal/kg;  its  value 
may  be  positive  or  negative,  depending  on  whether  heat  is  gained  or 
lost  in  formation  of  the  oxidizer  in  question. 

The  heat  yield  of  the  oxidizer  may  be  either  positive  or 
negative,  depending  on  the  quantity  of  heat  liberated  in  combustion 
of  its  combustible  elements  and  the  absolute  magnitude  of  its  heat 
of  formation.  For  example,  we  have  the  following  heat  yields  for 
lOOjt  concentration  of  the  oxidizer: 

a)  nitric  acid  HNO^  with  =  41,660  kcal/kmole, 

H^O  “  57, 785*0. 5*1  -  4l,660  =  -  12,767.5  kcal/kmole; 

b)  hydrogen  peroxide  HgOg  with  »  44,840  kcal/kmole, 

»  57,785*0.5*2  -  44,840  =  12,945  kcal/kmole. 

The  heat  yield  of  an  oxidizer  with  a  concentration  below  10O% 
must  be  determined  with  consideration  of  the  heat  of  solution  of 
¥9iter  in  this  exponent  and  the  heat  consumed  in  evaporating  this 
water.  In  the  majority  of  cases,  the  process  in  which  substances 
dissolve  in  liquids  proceeds  exothermically,  l.e.,  with  evolution  of 
heat. 

!nie  heat  of  solution  of  water  in  a  given  fuel  component  can 

’•'■on  "  'Wp  ■  “  '‘•YSB95UV*’ 

odp  “  Sji  o'***  *  Si  obrazovanlye  *  Si  formation*^ 
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be  determined  approxlmetely  from  the  formula 


(5.33) 


Where  m  Is  the  number  of  kllomoles  of  water  per  kllomole  of  the  fuel 
o 

component  In  question,  and  A  and  a  are  coefficients  that  are  con¬ 
stant  for  a  given  substance,  e.g.,  for  nitric  acid  A  >  8974  and 
a  =  1.737. 

If  the  heat  rastv  separately  Indicated  but  Is  com¬ 
bined  with  ^  l.e..  If  for  aqueous  solutions  the  quantity  ^ 

Is  assumed  to  be  larger  than  It  actually  Is,  a  special  reservation 
must  be  made. 

The  net  effective  heat  yield  of  a  given  fuel,  calculated  for 
one  kmole,  one  kg,  or  one  liter  of  combustible.  Is  determined  from 
the  formulas: 


1)  molar 


2)  unit- weight 


3)  unit-volume 


/y^,»Ni(/if^,+x^^^)Jcoal/kmole;**  (5.34) 


kcal/kg; 


(5.35) 


H’,  -  kcal/1 1 1 er ,  (5.36) 

where  Is  the  specific  gravity  of  the  fuel  In  kg/llter. 

If  we  know  the  net  effective  unit-weight  heat  yields  of  tt^e 
combustible  and  oxidizer,  the  net  effective  unit-weight  heat  yield 


of  the  fuel  may  be  determined  by  the  formula 

kcal/kg, 

1  +  «** 


(5.37) 


where  Xq  Is  stdtchlometrlc  mixture  ratio  by  weight  of  the  fuel. 

For  an  excess  oxidizer  ratio  a>  1,  the  heat  yield  of  the 

*  %  nuitv  “  St  rpBtoyorenlye  "  St  solution*^ 

**[ Subscript T  a  t  >  topllvo  «  fuel.] 
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fuel  Is  equal  to  the  chemical  energy  given  by  the  formulas 

(5.38) 

r- — +  llceel/kg . »  (5.39) 

+  Pr  +  n^ 

Applying  these  formulas,  we  may  construct  curves  of  the  mole¬ 
cular  emd  unit-weight  chemical  energies  and  heat  capacities  of  any 
specified  fuel  as  functions  of  the  excess  oxidizer  ratio  a  (Fig.  5.12). 

The  net  unit-weight  stoichiometric  heat  yield  *  1^00  to 
2300  kcal/kg  for  the  fuels  used  in  modern  engines. 

Table  5.8  lists  values  of  the  net  stoichiometric  heat  yields 
of  ethyl  and  methyl  alcohols  for  different  concentrations  of  these 
alcohols  In  aqueous  solution. 

Table  5.8 


Kmom* 

rptsM 

N 

8  SnuMwl  CBM] 

^  MeTNMBul  CBMin 

5 

KKMJtlKMOM 

b 

tiff  IMM/iKt 

f  kmuIkmom 

m 

396200 

6440 

140700 

4m 

« 

294710 

mo 

140710 

4410 

II 

mm 

OMO 

i4rm 

41» 

m 

■  mm 

mo 

i4im 

8m 

9$ 

mm 

8m 

^48610 

8m 

79 

mm 

4m 

148440 

8m 

n 

mm 

4m 

141  m 

8m 

M 

mm 

om 

laom 

im. 

W 

mm 

mo 

117900 

9m 

1)  Concentration,  2)  ethyl  alcohol :( C2H^0H) j  3)  methyl  alcohol 
CHjOH);  4)  koal/kmole;  5)  \  g,  kcal/kg. 

If  liquefied  gases,  i.e.,  liquids  whose  boiling  points  are 
lower  than  the  Initial  reaction  temperature  conventionally  adopted 
(usually  13-20*^0),  are  used  as  fuels  or  oxidizers.  It  will  be  neces¬ 
sary  In  determining  the  heat  yield  of  the  fuel  In  this  case  to  take 
into  account  the  heat  eiqpended  In  evaporating  this  conponent  and 
heating  It  to  the  temperature  t^C,  using  the  foxnnula 

viJiibsorlpt  x.t  -  kh.t  >  khlmloheskly,  topllva  >  chemical  (energy), 
fuel.] 
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Pli  Ncn-i-nai  •"  P'icoMa  («~L)Jjltc«l/kmole,  *  ( 5 .40) 

* 

where  is  the  molecular  weight,  is  the  latent  heat  of 

vaporization  In  kcal/kg,  Cp  Is  the  heat  capacity  In  cal/kg^C,  and 
tj^ip  Is  the  boiling  point  of  this  component,  in  ®C.  For  example,  we 
have  for  oxygen  *  1*630  kcal/mole,  nc  *  7  kcal/kmole,a«td 


'kip 


.t182.97°C. 


■  b 

dMHn 


11^ 


i 


»no* 


in* 


9 

Fig.  3.12.  Variation  of  chemi¬ 
cal  energy  and  heat  yield  of 
fuel  as  functions  of  excess 
oxidizer  ratio.  The  fuel  Is 
kerosene  -f  95^  nitric  acid. 

1)  Molar  chemical  energy 
^  kh  t^  2)  molar  heat  yield 

3)  chemical  energy  per 

unit  weight,  4)  heat 

yield  per  unit  welglit  H^. 

Fuel:  95^  ethyl  alcohol  + 

80$t  hy^ogen  peroxide;  3) 
molar  chemical  energy  t* 

6)  molar  heat  yield 

7)  chemical  energy  per  unit 

weight  8}  heat  yield 

ppr  unit  weight, 

a)  kcalAnole;  b)  kcal/kg. 


Heats  of  evapo9|tlon  of 
liquefied  oxidizers  and  the  heat  re¬ 
quired  to  raise  them  to  normal  tem¬ 
perature  are  as  follows  [j|al/mole]: 

Oxidizer; 

Og  Fg  OFg  OgFg  0^  FNO^  NF^ 

^  Isp  +  pod* 

3.1  3.0  4.0  3.2  3.6  6.0  4.4 
The  heat  yield  Is  only  a 
static  characteristic  of  a  fuel  and 
does  not  reflect  the  dynamics  of  the 
combustion  process  In  the  engine 
chamber.  Under  real  conditions,  two 
fuels  of  different  types  but  having 
almost  Identical  heat  yields  may 
develop  sharply  divergent  specific 
(unit-weight)  heat  effects.  For  this 
reason,  heat  yield  cannot  be  used  as 
the  sole  characteristic  of  fuel 


quality. 


For  a  given  tank  capacity  of  the  rocket.  It  is  better  to  have 

*[ Subscripts :  sen  -  Isp  >  isparenlye  -  vaporization;. noA  ■  pod  « 

>  podogrevanlye  -  iMatlng,  preheating;  xoan  -  konp  «  kcMponent  • 

-  component;  xan  -  kip  •  klpeniye  -  boiling.] 
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ft  fuel  with  high  specific  grftvlty;  for  this  reason.  It  Is  sometimes 
convenient  to  refer  the  heat  value  of  a  fuel  not  to  one  kilogram  but 
to  one  liter  of  fuel.  In  view  of  the  fact  that  the  weight  of  the  fuel 
tanks  and  the  engine's  fuel-supply  system  make  up  a  considerable  part 
of  the  missile's  weight,  we  may  take  the  fuel's  unit-volume  heating 
value  as  a  criterion  of  Its  calorific  value  In  selecting  the  fuel 
ccMoponents  for  a  rocket  engine  that  we  are  designing. 

Bxaiqple  9«  Determine  the  net  stoichiometric  heating  value  of 
a  fuel  (a  -  1)  consisting  of  kerosene  and  nitric  acid  of  98^  con¬ 
centration  by  weight  If  C  =  85.755^,  H  =  13. 50}^,  and  0  »  0.75J<; 

00  D 

g  »  10,230  kcal/kg,  Yg  «  0.841  kg/llter,  and  (lOOji)  -  1.520  kg/ 
/liter. 

Solution. 

1.  !nie  conventional  chemical  formula  of  kerosene  of  the  speci¬ 
fied  composition  takes  the  form 

®7. 15^13. 4°0. 05' 

2.  The  specific  gravity  of  the  specified  aqueous  solution  of 
nitric  acid  Is 


— -J — ; — - ! - —i.tti  kg/llter. 

:  fi/Ti+Cj/Tt.  0,98/1620  +  0,02/1 

3.  The  stoichiometric  mixture  ratios  of  the  fuel  are  as 

follows: 

a)  molar 

_  « W8+ 0,8- 13.4 -0,05  g^^ianole/kmole ; 

^  0,-(2c| +  0.811,)  3-0,51 

b)  unit-weight 

I.  -  IV  ^  -  M  ^  -  Wlcg/kg . 

4.  The  specific  gravity  of  the  fuel  Is 


w- 


1.8W.0,t4l  (1+8.292) 

“  1,830  +  8J82  0.341  *  . 


.34  kg/llter. 
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3.  The  quantity  of  water  in  one  kmole  of  nitric  acid  at  the 
specified  concentration  Is 

_ oMlcmole/kmole . 

^  18*,  I8.M  ^ 

6.  The  net  molar  stoichiometric  heat  yield  of  this  kerosene 
with  Hy  g  ■  10,230  kcal/kg  (see  Table  5.7) 

g  “  g  “  1>023,000  kcal/kmole. 

7.  The  net  molar  stoichiometric  heat  yield  of  nitric  acid  of 

the  specified  concentration  with  ■  4l,660  kcal/kmole  and 

Si  rastv  “  “325  kcal/kmole  Is 

.  94<)61e,+aB  - 

-  28  802-1  -(41 680  +  82S)  -  isooskcal/kmole . 

8.  The  net  stoichiometric  heat  yields  of  the  fuel  are  as 

follows: 

a)  molar 

*  •("^r  +  - 1  (Ioa00O-8.4.186K0-* 

-0711 .1-8*4-0.078  pt  006688a  kcalAmole; 

b)  unit- weight 


000668.5 


I4>  +  «X,I*o  +  I8(«i,  +  j»i,)  100-1- 8,4-63 -f  18(0-1-0,078) 


-1437.7  kcal/kg; 


1.34- 1437.7 -10085  kcal/llter. 
Example  10.  Determine  the  net  effective  heating  value  of  a 

fuel  consisting  of  an  aqueous  solution  of  ethyl  alcohol  (concentra¬ 
tion  90J<)  and  liquid  oxygen  If  -  O.818  kg/llter,  -  l.l4  kg/llter, 
-  2.88  kmole/kmole,  and  o  «  0.8. 

Solution. 

1.  The  weight  fractions  of  the  fuel  components  are 


/r- 


l*r*o 


46,100 


Mo  + 


-.“ST  -  0,399 kg/kg; 
46- 100 -{-0,8-2,88-32-00 

2.  The  specific  gravity  of  the  fuel  Is 

1  I 


w- 


fr/lr+So/To  0,390/0,818-1-0.001/1.14 


->a88|cg/llter. 
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3.  The  nundber  of  kllomolee  of  water  in  one  kllomole  of  ethyl 


alcohol  of  the  specified  concentration  Is 


iMIf  lo*W 

4.  The  net  stoichiometric  heat  yield  of  ethyl  alcohol  at 
this  concentration  Is 

-296200  -9718»I,- 286200 -  294  US’ kcal/kmole . 

3.  The  net  effective  heat  yield  of  the  fuel  plus  the  heat 
of  evaporation  of  the  liquid  oxygen  plus  the  heat  to  raise  It  to  normal 
temperature  equal  to  ^  ^  p^^j  ■  3100  kcal/kmole  will  be  as  follows: 


a)  molar 

b)  unit- weight 

c)  unit-volume 


%»  "  •  r  +  o)  -  •  r — XjkCp,  iK«+-yi) - 
6.6 (29820o-2.6-3ioo>  -  227370  kcal/kmole ; 


H. 


227870 


100  100  100 
^7^  ^“^7^  46^  +  0,6.2.66.82 


-  i776kcal/kg; 


a;  -  7,^4  -  0,99. 1775  -  i7S5jkcal/l  1 1  er . 


SECTION  8.  DETSUCENING  ENERGY  CONTSTT  OF  FUEL 


In  confuting  fuel- combust Ion  processes.  It  Is  necessary  to 
know  the  energy  content  of  one  kllomole  or  one  kg  of  the  conflsustlble, 
the  oxidizer,  omd  the  fuel  (Initial  substances) .  By  the  law  of  con¬ 
servation  of  energy,  the  energy  content  of  the  fuel  before  combus¬ 
tion  Is  equal  to  the  energy  content  of  the  products  of  coBiplete  com¬ 
bustion  (gases)  from  this  fuel. 

On  this  basis,  the  energy- balance  equation  for  one  kllomole 
of  combustible  with  a  -  1  will  be  e3q>ressed  as 

4+3t/.-/».kcal/kiiiole,*  (5.4l) 

from  which  the  energy  content  of  one  kllomole  of  combustible  will  be 

lccalA»ole. 

**rSlRFscrlpt  raa  *  g6tz  -  gaz  «  gas .  ] 
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If  oxygen  is  used  as  an  oxidizer,  the  composition  of  the  fuel 
can  be  expressed  In  the  general  case  by  the  formula 

[  Ce,Hh,Oo,NB. I 

and  the  energy  content  of  the  complete-combustion  products  of  this 
fuel  will  be 

/^■■c,7co,+0,5h,4M/)+0,6n,/N,4-A/^,»-4  .’j^cal/lanole . 

Prom  this  we  obtain  a  formula  for  determining  the  net  stoichio¬ 
metric  heating  value  of  one  kmole  of  coinbuetlble  when  oxygen  Is  used 
as  the  oxidizer: 

I  //,.r=-/'r-(c,/io,+0,5h/,;^+0,5n,/ij  Iccal/kmole, 
where  energy  contents  of  the  carbon  di¬ 

oxide,  water  vapor,  and  nitrogen,  respectively.  In  kcal/kmole  (taken 
from  the  table) . 

The  energy  content  of  one  kmole  of  oxidizer,  the  composition 
of  which  Is  esqpressed  In  the  general  case  by  the  conventional  ohmnl- 
cal  formula  ^Cg^g^Og^^ng"  determined  from  the  equation 

I  ^•"C,/eo, +0,»,/Mp+0,5o,/o,+0,5n,/A,— oil,,,  ikcal/kmole . 

Prom  this  we  may  also  derive  a  formula  for  determining  the 
heat  of  foxmiatlon  of  one  kmole  of  oxidizer: 

Qik  oap—4 — (C|/(ro, + OJSOfll, + OJSnjii,)  Jccal/kmole , 

^HgO'  ^6g*  ^2  “’®  ^^®  r«8P«ctlve  energy  contents  of 

the  carbon,  hydrogen,  oxygen,  and  nitrogen  In  kcal/kmole  (taken  from 
the  table). 

Since  there  Is  usually  a  certain  amount  of  water  In  some  of 
the  fuel  components  (nitric  acid,  alcohols,  hydrogen  peroxide).  It 
Is  necessary,  in  computing  their  energy  contents,  to  take  Into  ac¬ 
count  the  heat  liberated  when  the  water  ggaeolvea  In  the  fuel  com¬ 
ponent  in  question  (see  Table  5.9)  by  subtracting  this  amount  from 
the  energy  content  ^of  the  component  without  water.  The  energy  con- 
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tent  of  the  water  Is  usually  taken  Into  account  separately. 

The  water  content  In  the  nitric  acid  depends  on  Its  grade  and 
may  run  as  high  as  4^  by  weight. 

The  energy  content  of  a  fuel  or  oxidizer  consisting  of  several 
components  can  be  determined  by  the  formula 


(5.42) 


where  gj^  Is  the  weight  fraction  of  the  k  component  In  the  combus¬ 
tible  or  oxidizer  mlxtuire  In  kg/kg,  I  Is  the  energy  content  of  the 

th  ^  ^ 

k''  component  In  the  combustible  or  oxidizer  mixture  In  kcal/kg,  and 

^astv  heat  of  solution  of  one  component  In  the  other  In 

kcal/kg. 

For  example,  the  energy  content  of  an  aqueous  solution  of 
nitric  acid  Is  determined  by  the  formula 

/hMO,  + 

Where  and  gjj  ^  are  the  weight  fractions  of  the  pure  nitric  acid 

3  2' 

and  the  water  In  the  mixture  In  kg/kg,  and  q  are  the  re¬ 

spective  energy  contents  of  pure  nitric  acid  and  water  In  kcal/kg, 
and  Qynatv  solution  of  water  nitric  acid,  which 

Is  325  kcal/kg. 

Knowing  the  energy  contents  of  the  combustible  and  oxidizer, 
we  can  determine  the  energy  content  of  the  fuel  by  applying  the  for¬ 
mulas  : 


1}  molar 
2)  unit-weight 


A* 


/;-4+iqj^kcal/kmole; 

A 


fr  +  «V*  +  »(«lr  + 


kcal/kg 


or 


(5.43) 


(5.44) 


(5.45) 
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where  1^  and  1^*  are  the  respective  energy  contents  of  one  leg  of  com¬ 
bustible  and  oxidizer,  in  kcal/kg. 

Table  3.9  lists  energy- content  values  for  some  of  the  most 
widely  used  fuel  components. 

If  we  know  the  net  heating  value  of  one  kg  of  a  given  fuel 
conponent  and  its  elementary  weight  conposltlon,  its  energy  content 
can  be  determined  by  Formula  (5.4l). 

The  energy  content  of  a  given  substance  depends  on  the  system 
adopted  for  reckoning  its  magnitude  and  on  whether  the  chemical 
energy  Is  referred  to  the  combustible  or  oxidizer  element  or  to  a 
substance  that  forms  as  a  result  of  chemical  reaction. 

We  encounter  various  methods  for  reckoning  the  energy  con¬ 
tents  of  substances  In  the  literature.  In  calculations  for 
selection  of  one  or  another  system  for  reckoning  the  energy  -content 
value  of  a  given  substance  Is  not  of  essential  Importance,  since  In 
this  case  we  are  Interested  not  In  the  absolute  energy  content,  but 
only  In  Its  relative  change  dtarlng  the  process  In  question.  It  Is 
only  necessary  to  carry  the  entire  calculation  through  In  the  same 
reckoning  system. 

We  shall  henceforth  make  use  of  the  most  common  and  conven¬ 
ient  system  of  reckoning,  which  was  proposed  by  A.P.  Vanychev.»»  In 
this  system,  the  chemical  energy  (heat  of  formation)  Is  referred  to 
the  substance  formed  In  the  chemical  reaction.  A  temperature  of  20°C 
(293.16^K)  Is  taken  as  the  zero  reference.  Here,  all  substances 
possess  only  chemical  energy.  Since  their  physical  heat  contents  are 
zero,  the  energy  contents  of  the  elements  at  this  temperature  are 

*[  Subscripts :  r  -  g  «  goryucheye  «  ccmdsustible;  o  «  o  «  oklslltel'  ■ 

■  oxidizer.] 

•PA.P.  Vanychev,  Termodinamicheskiy  raschet  goreniya  i  istecheniya  v 
•  oblasti  vysokikh  temperatur  (Thermodynamic  calculation  of  canbus- 
tion  and  discharge  in  the  high- temperature  region),  Izd.  BUT,  19^7. 
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Table  5-9 

Energy  Contents  (total  enthalpies)  at  20^C  for  Certain  Fuel  Components 


0 


o 


KemiOMiiTM 


Used  lii_PQrelgh  Rooket,  Types 

5  9lltPfC0JWWMWII«~ 

ywM/w 


6  Fopn^RC 

7  BoAopoA  (npH— 2S23*C) 

^  KepocMH  cocrau  C,»8S.7Sm.  HfO 

HOra-aiN 

9  KcpOCHR  COCTaU  Cj  laSaTBM.  Hr* 

*1178h  m  O^*0b«M 

10  aniJMHi  empt  100m<«uI 

11  To  an  flaiSM-airil  - 

IS  MaTRAooiil  cnpr  100N*HUi 
13  HaonpomuMOMi  caopr  100M>aiil 
1 1^  e/p^poAOiui  coapr  100N>RHli 

i  X5  ToRKa>2S0  (cocTONT  Ra  Mm  kcmarar- 
aa  R  Mm  TpRtTRaaiiRRa) 

|16a«ur. 

!17  AMMRaK  RCRAKRfl  (lipR— S8J*C) 

1 16  TRApaaRR 

1 19  rRApaaRaraapar 

I  ^  AaiMTHjrRApaaRR  aacaMROTpRaHuft 

j  (ARRaaRR) 

1 21  MaTRarHApaaaa 
22jbiaiaaaRRa 
i  ^  JUkwa  awAaai  (apa 

I M 
125 
26 

27  OaacaaTajR 
i  28  Aaoraaa  KRcaera  100m-ru 
29  To  ace  9nv>Raa 

I  30  MtTMpcaoRRCb  aaoTR 

94  Caock  aa  Mm  HN0|  WN«R0i 

31  ^.aoM  NA 

32  TeTpaHRTpoHtTaa 

I  33  nepcKRCb  ROAopoAa  lOOM-aaa 
^  XacAopoA  rchakhII  (apa  —183*  C) 

35  Xaooaaa  RRcaora 
136  Owi  (apa  -112*  C) 

37  ew  aaiMni  (apa  -IST  C) 

38  NoaaSPS  xaana  (apa 


aaora  acRARRff  (i^ 


2^opMraa 


13^gyoq>A 


39 

40 


41  IMM  (RRWAa  aaoART  a  cocraa  roh*; 
Toum) 


142  TeaaOTa  paCiaopi 

“  a  aoAO 

43  AmIWI  RROAorH  98%-aol 

44  iBaaMfiMwi 
43  maaoacfo  caapia 
46  Hvmm  BOAapoAa 


Ha 

C7.»HiajOaea 

C7.aaHta.7AM 
C}HtOH 

CH/}H 
CaHAI 

CaHjOCHiOH 

C*H,N 
NHa 
NaHa 

(HHabHaO 

CHA 

C«H„M 
CH4 

CaH« 

CaHjaNOk 
BiHa 

HNOk 

»V>4 

C(NO^ 
HA 
Oa 

HC»4 
O, 

Fa 

OPa 

NPa 
CIP, 

HaO 


-1836 
-47  OM 

-43  OM 

-M486 

srm 

-76288 

-68112 

84M 

-ircM 

12660 

-57SM 

11125 
18446 
-MIM 
-17  6M 
11700 
-72828 
7180 

-41404 

-6740 

8900 

-44600 

-3100 

-18001 

+30200’ 

+3000 

+28M 

-31000 

-32100 

-68370 


-58M 

-SOM 

-2M 


-018 

-470 

-430.6 

-1448 

-1600 

r-1778 

—1271 

-644 

—107.7 

01 

-10014 

376,5 

-1168 

186 

202 

-412 

—1162 

160 

-476 

128 

-657 

-798 

-73,3 

-338 

46,4 

-1310 

-97 

-116 

+6» 

+70 

+68 


-326 

-328 

-14 

-11 
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[Key  to  Table  5.9] 

1)  Fuel  component;  2)  formula;  3)  energy  content;  4)  kcal/kmole ; 

5)  kcal/kg;  6)  combustibles;  7)  hydrogen  (at  -r252.8oc);  8)  kerosene 
of  the  coii5>osltlon  -  85.75^>  H  -  13.5JB,  and  0^  -  0.8^;  9)  kero¬ 
sene  of  the  composition  Cg  »  86.70^,  H  -  12.76$^,  and  Og  *  0.48j^; 

10)  10^  ethyl  alcohol;  11)  same,  93. sl;  12)  lOOJ^  methyl  alcohol; 

13)  lOOjjl  isopropyl  alcohol;  l4)  lOOji  furfuryl  alcohol;  15)  Tonka-250 
(consists  of  5055  xylldene  and  triethylamlne) ;  I6)  aniline; 

17)  liquid  ammonia  (at  -33.5°C);  18)  hydrazine;  Ijl)  hydrazine  hydrate; 
20,  unsymnetrlcal  dimethylhydrazlne  (dlma$lne);  2l)  methylhydrazlne; 
22)  dlethylamlne;  23)  liquid  methane  (at  -l84®C);  24)  benzene;  25) 
Isopropyl  nitrate;  26)  pentaborane;  27)  oxidizers;  28)  lOOJ^  nitric 
acid;  29)  same,  30)  nitrogen  tetroxlde;  31)  mixture  of  8oji  98^ 

+  20fi  NgOg  ;  32)  tetranltromethane;  33)  hydrogen  peroxide,  100j$; 

34)  liquid  oxygen  (at  -183®C):  35)  perchloric  acid;  36)  ozone  (at 
-112°C);  37)  liquid  fluorine  (at  -I88OC);  38)  liquid  fluorine  monoxide 
(at  -145®C);  39)  liquid  nitrogen  trlfluorlde  (at  -129®C);  40)  chlorine 
trlfluorlde;  4l)  water  (occurs  occasionally  in  fuel  components): 

42)  heat  of  solution  in  water;  43)  96}^  nitric  acid;  44)  same,  98j^; 

45)  ethyl  alcohol;  46)  hydrogen  peroxide. 


also  equal  to  zero. 

The  chemical  energies  of  the  products  formed  by  combustion  of 
the  fuel  in  the  chamber  (COg,  HgO,  CO,  OH,  NO,  H,  0,  and  N)  are 
equal  respectively  to  the  heats  of  formation  of  these  substances, 
with  the  chemical  energies  of  the  combustion  products  COg#  HgO,  and 
CO  negative  and  those  of  other  gases  positive. 

The  heat  of  formation  of  a  substance  is  taken  as  the  actual 
heat  liberated  or  absorbed  during  formation  of  the  substance  in  ques¬ 
tion  from  the  elements  taken  in  standard  states  (carbon  in  the  form 
of  graphite,  and  oxygen,  hydrogen,  and  nitrogen  in  the  form  of  the 
molecular  gases  Og,  Hg,  and  Ng) . 

Heats  of  formation  of  combustible  and  oxidizer  elements  and 
those  of  the  combustion  products  at  20^C  (193.16°K)  [sic]  are  listed 
in  Table  5.10. 

In  the  reckoning  system  that  we  have  adopted,  the  energy  con¬ 
tent  of  a  given  cosbustible  or  oxidizer  consists  in  the  general  case 
of  the  following  components: 


TABLE  5.10 

Heats  of  Formation  and  Dissociation  Energies  of 
Certain  Substances  at  Temperatures  of 


20®C  (293.16°K)  and  25®C  (298.16°K) 


1 

HiHiieHOHmie 

MVeCTM 

e  ^ 

3 

1 

4  Tenaora 
oOpaaoaaMMa 
kkoaIkmom 

5 

dneprna  xHcconMauMR 

KtCtAfKMOAb 

2B3,16»K 

29e.l6*K 

6  VrMpoA  ^ 

9B«xepox 

lOxiKJopox 

llAam 

12Cc|m  ] 

jl4eTop 

^paSm 

Ha 

0i 

Ni 

3SatMi 

Pa 

12.010 

2.010 

B2.00 

20,16 

0200 

M.OO 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

17D010  (muora  cyOaa- 
iiaaini)  0 

103  3|3 

117946 

225000 

37000 

,15yrx«aiexttl  na 

COa 

44.01(^ 

.-94061 

.^062 

06765(COa-CO406Oal 

l^BoxxMi  nap 

H*0 

10,016 

-67706 

-57790 

57100(HaO*Ha406O|) 

170KMCb  yraepoxa 

CO 

20.010 

—26423 

-26426 

250109 

O^gCepmicriiA  tmx- 
pMA 

SOa 

M.07 

-70932 

-70947 

S7520(SOa«SO406O:) 

190Kiieb  eapM 

SO 

40.005 

-2006 

-2013 

110009 

20MtTan 

CH4 

16,042 

—17051 

-17009 

tatm 

21rilXpOKCM 

OH 

17,000 

40455 

0456 

06000(H«0-06Ha40l|) 

:220Kiicfc  aam 

HO 

30,000 

21000 

21000 

2140l(0illVHV6O3«N0l 

i23ATOiiapnw  mac 

24  noxopnx 

H 

1.000 

52002 

52000 

— 

25  nncaopox 

0 

16,00 

50534 

50542 

— 

26  aaoT 

N 

14,000 

112936 

112944 

— 

27  yrntpox 

C 

12.010 

171312 

171327 

■  — 

2o  ccpa 

S 

32.00 

57441 

57441 

29  Stop 

P 

19.00 

10995 

19003 

SChetmacn 

CaHa 

20,000 

54197 

54190 

300947 

SlSnmn 

CaHa 

20,062 

• 

12535 

12«0 

531906 

1)  Substance;  2)  chanloal  formula  of  substance;  3}  molecular  or  atomic 
weight;  4)  heat  of  fonaatlon,  kcalAmole;  5)  dissociation  energy, 
kcalAmole;  6)  carbon;  7)  graphite;  8)  (heat  of  sublimation);  9)  hydro¬ 
gen;  10)  oxygen;  11)  nitrogen;  12)  sulfur;  13)  14)  fluorine; 

15)  carbon  dioxide;  16)  water  vapor;  17)  carbon  monoxide;  l8)  sulfur 
dioxide;  19)  sulfur  monoxide;  20)  methane;  21)  hydro^l;  22)  nitric 
oklde;  23)  atomic  gases;  24)  hydrogen;  2^)  oxygen;  26)  nitrogen; 

27)  carbon;  28)  sulfur;  29)  fluorine;  30)  acetylene;  31)  ethylene; 

1)  the  Physical  heat  content,  which  may  be  either  positive  or 
negative,  depending  on  whether  the  substance  used  In  the  engine  Is 
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heated  or  cooled  with  respect  to  the  temperature  for  which  Its  heat 
of  formation  has  been  given; 

2)  the  heat  of  transition  of  the  substance  from  one  chemically 
bound  state  to  another.  If  the  heat  of  formation  Is  referred  not  to 
the  chemically  bound  state  In  which  the  substance  In  question  Is  used 
in  the  engine  (It  Is  necessary  to  take  this  heat  Into  account  with 
the  proper  sign) . 

The  physical  heat  content  Is  the  quantity  of  heat  e;qpended  In 
heating  a  given  unit  weight  at  constant  pressure  from  a  selected 
reference  temperature  Tq  to  the  temperature  T  at  which  It  Is  used  In 
the  engine.  This  heat  Is  equal  to  Cp  (T-Tq)  [kcal/kg],  where  Cp 
[kcal/kg<^C]  Is  the  mean  specific  heat  capacity  of  the  substance  at 
constant  pressure. 

The  heat  of  formation  Is  the  energy  liberated  or  absorbed  In 
formation  of  the  substance  In  question  from  the  elements,  which  are 
taken  In  standard  states. 

Although  they  are  Interrelated,  the  heat  of  foxmatlon  and 
chemical  energy  are  not  equal  to  one  another,  because  a  change  In  the 
physical  heat  content  Invariably  occurs  In  the  process  of  formation 
of  the  substance  at  any  teii7)erature  other  than  absolute  zero.  This 
Is  accounted  for  by  the  differing  heat-capacity  values  of  the  sub¬ 
stances  entering  a  chemical  reaction  and  the  substances  produced  as 
a  result  of  this  reaction.  Only  at  the  absolute  zero  of  tenqperature 
does  no  change  In  physical  heat  content  take  place  during  a  chemical 
reaction,  and  here  the  heat  of  formation  Is  consequently  exactly  equal 
to  the  chemical  energy. 

Since  the  chemical  energy  of  a  fuel  Is  determined  by  the  heats 
of  formatl(»  9f  the  combustible  and  oxidizer,  the  heating  value  of 
a  fuel  will  be  higher  for  higher  values  of  the  heats  of  formation  of 
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Its  conqponents.  Since  the  heats  of  formation  of  different  substances 
differ  widely  and  may  be  either  positive  or  negative,  a  fuel  whose 
components  have  positive  heats  of  formation  will  be  superior  from 
this  viewpoint. 

Example  11.  Determine  the  energy  content  of  water  at  20°C. 
Solution. 

The  energy  content  of  liquid  water  consists  of: 

a)  the  heat  of  formation  of  water  vapor  from  the  elements, 

which  amounts  to  =  -57,785  kcal/kmole,  and 

b)  the  heat  of  transition  of  water  from  the  gaseous  state 
into  the  liquid  state  at  1  atmosphere  absolute  and  20^0,  which  is 

per*  “  -106,000  kcal/kmole,  i.e., 

/,-Q^^+O^ii^— 57785  +  (-i06(»)--68885  |kcal/kmole 
or 

—/I  —68385  ^ 

/,- - - «.-8798kcal/kg.** 

Example  12.  Determine  the  energy  content  of  liquid  oxygen  at 
its  boiling  point  (90®K) . 

Solution. 

The  energy  content  of  liquid  oxygen  consists  of: 

a)  the  heat  withdrawn  from  oxygen  as  it  cools  from  293  to 
90°K,  which  is  ^  okhl***  *  ®p  (90-293)  -  7  (90-293)  -  -1420  kcal/ 
/kmole  and 

b)  the  heat  of  transition  of  oxygen  from  the  gaseous  to  the 
liquid  state,  which,  at  90^K  and  atmospheric  pressure,  is 

,  .  S.  P.r  - 

’^2  ■■  Si  okhl  +  Si  p«r  -  -W20-1630  -  -3100  koalAiwle 

*^Sinop  *  Si  pw  "  Si  porokhod  *  Si  tranaitlon'^ 

-II.  -  Iv  -  ^od.  - 

***^Swxn  "  Si  okW.  “  Si  okhlazhdenlya  “  Si  cooling*^ 
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or 


^o,  -  ^  *  r  kcal/kg . 

Exanple  13.  Determine  the  energy  content  of  100$^by> weight 
nitric  acid  at  20°C. 

Solution. 

The  energy  content  of  nitric  acid  of  lOOJ^  concentration  by 
weight  at  20^0  is  equal  to  the  heat  of  formation  in  the  reckoning 
system  that  we  have  adopted,  i.e., 

=  Si  obr  ■  -“l.SSO  koalAmole 
or 

.  W  -  kcal/kg . 

Example  l4 .  Determine  the  energy  content  of  965^-by-welght 
nitric  acid  (Hji  water)  at  20°C  if  the  heat  of  solution  of  water  in 

It  Qpastv  “  kcal/kg. 

Solution. 

The  energy  content  of  nitric  acid  of  the  specified  weight 
concentration  will  be 

W,  -  ».W,oio,  +  -  0196  (  ~  660,1)  + 

+  (U>4(-37W)  +  0tO4(-62^a(-7W  fccal/kg . 

Exaiqple  15 .  Detemine  the  net  stoichiometric  heating  value 
of  a  fuel  Consisting  of  liquid  oxygen  Og  and  diethyliunlne  if 

C  .  0.657;  H  «  0.152,  and  N  -  0.191  kg/kg,  and  »  0.166; 

-  0.038,  and  -  0.049  kg/kg. 

Solution. 

1.  The  qu6uitlty  of  liquid  oxygen  theoretically  required  for 
complete  conibustlon  of  one  kg  of  dlethylamine  will  be 

*•- jC,  +6Hr-j0y657  +  8.O,I62-2,9fkg/kg. 

2.  The  energy  content  of  the  fuel  at  20^0  will  be  determined 
by  the  formula 


-412  +  2.97  (-97) 
1+X*  "  1  +  2.W 


- 176.3  )ccal/)cg . 

.1 


3«  The  proportions  by  weight  of  the  combustion  products  will 


be 


Sco, 

>mT-9-o. 


3  3  Mil 

i-o.3«3r„. 


0.606: 

0.049  ICg/lCg . 


4.  The  energy  content  of  the  products  of  conqplete  combustion 
of  the  fuel  at  20°C  Is 

/co/co,  +  iHjJnfi  +  “  •“2140*0,608  +  ^—3120)0,348  m 

-  — 2370  kcal/lcg, 

where  Ijj  q  Is  the  energy  content  of  water  vapor  at  20®C. 

5.  The  net  heating  value  of  this  fuel  will  be  determined  as 
the  difference  between  the  energy  contents  of  the  fuel  and  Its  com¬ 
bustion  products^  taken  at  the  specified  fuel  temperature  Tq,  l.e., 

*  (I|.  “Iga2)^0 


or 

//g  "» /^.t  +  /m — +  /i.m)  *  (^4.t  ~^4.fti)  +  (A.t  — /im)>  * 

This  formula  Indicates  that  the  heating  value  of  the  fuel  Is 
the  sum  of  the  differences  between  the  physical  and  chemical  energy 
contents  of  the  fuel  and  Its  combustion  products. 

Since  the  heating  value  of  the  fuel  Is  usually  determined  at 
low  temperatures  (l8-25®C,  so  that  Tq  •  298®K),  the  change  In  the 
physical  and  chemical  energy  contents  that  takes  place  under  these 
conditions  during  conibustlon  of  the  fuel  (Its  conversion  Into  the 
products  of  combustion)  Is  relatively  small,  and  the  heating  value 
consists  basically  of  the  change  In  the  chemical  energies.  On  this 
basis,  we  may  assume  that 

-i7w-(-2370)-a94  kcal/kg. 

ttcample  l6.  Determine  the  energy  content  of  a  kerosene  If 

▼TSuFscrlpts:  $  =  f  a  flzlcheskly  «  physical;  x  >  kh  -  khlmlebeskiy . • 
a  chemical;  t  «  t  >  topllvo  a  fuel;  ras  «  gaz  -  gaz  >  gas.] 
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10,170  kcal/kg. 


Cg  -  0.858,  Hg  =  0.135,  and  Og  =  0.007  kg/kgj  g  - 

the  stoichiometric  propellant  mixture  ratio  Xq  “  3.35  kg/kg,  and 

^hcer*  -  100. 

Solution . 

1.  The  quantity  of  products  of  complete  combustion  of  One  kg 
of  the  kerosene  In  gaseous  oxygen  will  be 

kg/kg; 

•m  g.Ht  m  #.0,185  « 1,21  kg/kg. 


or  a  total  of 


®r“®CO.  +  OM^-».l<+ WI-4A>kg/kg. 


2.  The  energy  contents  of  the  complete- combustion  products  of 
the  kerosene,  applying  the  data  of  Table  5*10,  are: 

^co.  -  -  -2137.5  kcal/kg; 


-57785 


•  - 3210.3  kcal/kg. 


3.  l!tie  energy  content  of  this  kerosene  will  be  determined  from 
the. energy  balance  before  and  after  combustion: 

x/o,  “  ®Co/co,  +  ®H.c/h,0  +  ^■r. 

l.e., 

■■  ^co/co,  +  +  ^«  r  “*  x/o^ " 

-  3.14  ( -2187.5)+ 1.21  (-33104)  +  10 170  -  0  -  -43a3kcal/kg . 

Bxanqple  17.  Determine  the  energy  content  at  20®C  for  a  fuel 

consisting  of  kerosene  and  nitric  acid  of  concentration  by  weight 

If  X  =  ^.2  kg/kg,  -  -426  kcal/kg,  and  -  798  kcal/kg. 

3 

Solution. 


!nie  energy  content  of  this  fuel  will  be 

-m.kc.iA,. 

BXanple  l8.  Determine  the  heat  content  at  2820®K  for  the  pro- 
*r3uEiscrlpt  Kep  -  ker  >  kerosln  «  kerosene.] 
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ducts  of  conbuBtion  of  a  fuel  of  the  following  congposltlon  by  volume: 
COg  -  12.1J<;  CO  -  20. 35^;  HgO  «  41.0}^;  Hg  «  10. IJ^;  OH  -  l.Sj^j 
H  »  0.8f(;  Ng  »  13.8^}  and  Og  =  O.IJ^. 

Solution. 

1.  According  to  the  tabulated  data  (Appendix  I),  the  heat 
content  of  these  components  of  the  fuel's  condbustlon  products  at 
2820°K  will  be 


-33,980.10*  kcal/knole; 

A»  + - jjj - -• 

-  J(-5.ao8+=ii5i^=y®  ao»  _(-2#376)Jl0l.* 

-90740.10*  kcal/kmole . 


Similarly,  q  =  27.5010^  [sic];;  =  19.609*lo3;  « 

«  19.854*10^;  I'  »  12?519*10^;  U  =  10.565-10§;  II  -  21.719*lo3  kcal/ 


/kmole. 

2.  The  heat  content  of  the  combustion  products  of  one  mole 

of  combustible  at  the  same  teiqperature  Is 

/'.-£/■</) -(Q.I21.3A900  +  0,208.2Q,749  +  a410.27,SO  +  ai01.iaOOO+ 
+0iOl8-iMM  4-a008.1%519+ai88.8a58S44U»|.21,Sl9)  io*-a409»|ccal/kmole . 


SECTION  9.  SPECIFICATIONS  SET  FORIH  FOR  A  ZhRD  FUEL 

Certain  properties  of  the  fuel  and  Its  coll^>onent8  are  of  de¬ 
cisive  Importance  for  the  design  of  the  engine.  Its  efficiency  In 
operation,  and  the  range  of  missiles  equipped  with  this  engine. 

The  following  basic  specifications  are  set  forth  for 

fuels: 

1.  The  highest  possible  values  of  the  fuel  heat  yield  and  the 
efficiency  of  the  engine  operating  on  this  fuel,  since  this  will  neces¬ 


sitate  sisaller  specific  and  per-hour  fuel  consiunptlon  rates  and  smaller 
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dlnenslons  and  weight  for  the  rocket  as  a  whole.  The  basic  param¬ 
eter:  characterizing  the  quality  of  a  fuel  Is  its  heating  value.  The 
heating  value  of  the  fuel  and  the  efficiency  of  an  engine  during 
operation  on  this  fuel  are  of  critical  In^ortance  for  the  discharge 
rate  of  the  coinbustlon  products  from  the  nozzle.  It  must,  however, 
be  remembered  that  a  fuel  with  a  lower  heat  yield  is  sometimes  pre¬ 
ferable  to  a  fuel  having  a  higher  heat  yield  by  virtue  of  Its  other 
properties . 

2.  The  highest  possible  fuel  specific  gravity,  since  this 
enables  us  to  load  a  greater  weight  of  fuel  Into  tanks  of  a  given 
capacity  and  reduce  the  dimensions  and  weight  of  the  tanks,  the  weight 
of  the  fuel-supply  system,  and  the  aerodynamic  drag  of  the  rocket  for 
a  given  fuel  weight;  all  things  equal,  this  will  endow  the  rocket 
with  a  longer  flight  range.  Liquefied  fuel  components  have  relatively 
low  specific  gravities,  and  this  Is  their  major  shortcoming. 

The  problem  of  fuel  load  and  Its  location  on  the  Zl^y^pro- 
pelled  apparatus  Is  of  particularly  great  Inqportance  as  a  result  of 
the  very  high  per-second  fuel  coxisumptlon  of  the  engine. 

3.  The  highest  possible  specific  gas  yield  of  the  fuel.  All 
other  things  equal,  the  higher  the  specific  volume  of  the  combustion 
products  obtained,  the  lower  will  be  their  reaction  teii9>erature  and 
the  higher  the  efficiency. 

A  gas  yield  with  a  high  specific  volume  means  a  lower  specific 
gravity  for  these  products,  trtiich  will  have  higher  heat  capacities 
and  higher  gas  constants  (all  of  these  parameters  are  Interrelated) 
and,  consequently,  signifies  that  that  gas-discharge  velocity  from 
the  engine's  nozzle  will  be  higher,  together  with  the  specific  thrust. 


which  Is  proportional  to  It. 

Fuel- coinbustlon  products  with  high  specific  volumes  are 


usually  obtained  using  combustibles  rich  In  hydrogen  and  other  light 
atoms  or  by  the  use  of  hydrocarbon  fuels  with  large  combustible  ex¬ 
cesses,  the  result  of  which  Is  formation  of  a  large  quantity  of  gaseous 
hydrogen  that  Is  not  bound  to  oxygen. 

Dlls  Is  the  fundamental  reason  why  the  optimum  composition 
of  many  bipropellant  fuels  does  not  coincide  with  the  stoichiometric 
conq;)osltlon  and  usually  corresponds  to  a  combustlble-rlch  mixture; 
the  result  here  Is  combustion  products  possessing  low  molecular 
weights. 

4.  The  highest  possible  ratio  between  the  heat  capacities  of 
the  fuel- combustion  products  (k  =»  CpA^)  >  since  an  Increase  In  the 
value  of  k  will,  all  other  conditions  the  same,  result  In  an  Increased 
engine  specific  thrust. 

5.  Lowest  possible  viscosity  and  surface  tension  In  the  fuel 
components,  since  this  will  reduce  the  energy  used  In  feeding  the 
components  Into  the  chamber  and  improve  atomization  of  the  fuel  com¬ 
ponents.  The  smaller  the  component  surface-tension  coefficients,  the 
easier  will  It  be  to  atomize  them.  Knowledge  of  the  viscosity  coef¬ 
ficient  of  the  fuel  components  Is  necessary  for  hydraulic  computa¬ 
tion  .of  the  engine  and  Its  various  units. 

6.  The  highest  possible  heat  capacities,  thermal  conductivi¬ 
ties,  boiling  points,  and  decomposition  points  In  all  fuel  components 
that  are  Intended  for  use  In  cooling  the  engine. 

A  fuel  component  must  have  a  thermal  stability  adequate  to 
prevent  boiling  at  a  given  pressure,  evaporation  and  chemical  decom¬ 
position  on  contact  with  an  engine- chamber  liner  that  has  been  heated 
to  tempex'atures  of  the  order  of  300-600^0,  and  the  fozmiatlon  of  solid 
and  greasy  deposits  that  Interfere  with  heat  transfer  fx>om  the  liner 
to  the  fluid.  The  higher  the  heat  capacity,  thermal  conductivity,  heat 
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of  evaporation,  and  boiling  point  of  a  fuel  conponent,  the  better  will 
be  Its  performance  as  a  coolant. 

7.  The  possibility  of  autolgnltlon  of  the  fuel  cCTuponents  on 
mixing  In  the  engine  chaafcor,  since  It  will  then  be  unnecessary  to 
have  a  fuel-lgnltlon  system  for  starting  the  engine  and  the  design  of 
the  engine-starting  system  will  also  be  simplified. 

8.  The  shortest  possible  Ignition  delay  for  the  cong)onents 
when  they  are  mixed  In  a  wide  range  of  proportions,  since  In  view  of 
the  high  per-second  flow  rate  of  the  fuel  Into  the  engine's  combus¬ 
tion  changer,  an  Ignition  delay  of  only  a  few  fractions  of  a  second 
may  result  In  a  large  accumulation  of  Inflammable  mixture  In  the 
chamber  and  subsequent  explosion,  with  the  attendant  damage  to  the 
engine. 

In  order  to  ensure  optimum  performance  of  the  fuel  In  the 
engine  with  high  efficiency,  minimal  Ignition  delay,  and  the  shortest 
possible  residence  time  of  the  gases  In  the  conbustlon  chamber,  the 
fuel's  flash  point  must  be  as  low  as  possible.  Its  Ignition  range  as 
wide  as  possible,  and  Its  combustion  rate  as  high  as  possible  (all 
other  conditions  equal). 

9.  The  highest  possible  fuel-combustion  rate,  since  this  will 
result  In  more  stable  performance  on  the  part  of  the  engine  and  re¬ 
duce  the  residence  time  of  the  fuel  In  question  In  the  contoustlon 
cha]m>er,  reduce  chamber  dimensions  and  weight,  and,  consequently,  all 
other  conditions  the  same,  increase  the  missile's  flight  range. 

10.  The  lowest  possible  fuel- combustion  temperature  In  the 
engine  chamber,  coupled  with  a  high  specific  heat  yield;  the  lower 
the  coiid)ustlon  teng>erature,  the  smaller  will  be  the  heat  loss  due  to 
dissociation  of  the  fuel- coodsust Ion  products  and  the  more  favorable 
will  be  the  conditions  under  which  the  combustion  chand)er  and  engine 
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nozzle  operate.  9he  fuel  combustion  temperature  should  permit  arrang* 
Ing  a  reliable  cooling  system  for  the  engine. 

11.  Adequately  high  physical  and  chemical  stability  In  the 
fuel  components  at  operational  presstires  and  temperatures  that  provide 
for  prolonged  stc^age  of  these  components  without  deterioration  arid 
efficient  utilization  In  the  missile  engine. 

'Qlqporlzatlon  of  fuel  components  is  particularly  xmdeslrable 
If  their  vi^pors  present  a  fire  or  health  hazard. 

During  prolonged  storage,  fuel  components  must  not  precipitate 
solid  or  resinous  deposits.  Ito  prevent  certain  fuel  components  from 
forming  tars,  special  antioxidants  (inhibitors)  are  added  to  them. 

Storage  of  liquefied  fuel  conqponents  presents  a  great  problem, 
since  their  polling  points  are.  In  the  majority  of  cases,  very  low 
(they  are  highly  unstable).  It  Is  necessary  to  bear  this  circumstance 
In  mind  In  selecting  a  fuel  for  an  engine  being  designed. 

12.  Iiowest  possible  freezing  points  In  the  fuel  components 
(no  higher  than  -40®C)  and  the  highest  possible  boiling  points  (no 
lower  than  +30^0),  so  that  If  the  tooq>erature  should  drop  slightly 
during  flight,  the  fuel  ccmponent  will  not  solidify  or  become  so  thick 
that  delivering  It  to  the  ooBd>u8tlon  chamber  becomes  difficult  or  al¬ 
together  Impossible,  and  so  that  It  will  not  boll  If  the  temperature 
rises  slightly  —  an  Important  consideration  In  using  the  component 

to  cool  the  engine's  combustion  chamber  and  nozzle.  This  specif Ica- 
tlcm  does  not  apply  to  liquefied  and  gaseous  fuel  components. 

13.  The  lowest  possible  chemical  activity  (corrosive  action) 
of  the  fuel  components  with  respect  to  the  materials  of  the  engine, 
so  that  the  fuel  oompcwients  can  be  stored  In  tanks  made  from  non- 
aold-reslstant  isaterlals.  Nitric  acid  that  Is  slightly  contasdnated 
with  water  attacks  certain  metals,  undergoing  structural  changes  In 
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the  process  that  Impair  Its  qualities  as  an  oxidizer.  Hydrogen  pero* 
xlde  undergoes  qualitative  changes  on  contact  with  metallic  surfaces 
without  damaging  them.  Tanks  and  plumbing  made  from  special  materials 
are  necessary  for  nitric  acid  and  hydrogen  peroxide. 

14.  Lowest  possible  hygroscopic Ity  of  the  fuel  components, 
l.e.,  they  should  have  the  smallest  possible  tendency  to  absorb 
moisture  from  the  atmosphere,  which  would  reduce  the  concentrations 

of  the  components,  foul  them  with  crystals  on  freezing  out,  and  render 
them  aggressive  toward  many  metals. 

15.  Safety  dvirlng  storage  and  use,  l.e.,  fuel  components 
shoiild  not  evaporate  violently,  e^lode,  or  Ignite  Ih  ithe  presence 
of  atmospheric  air. 

Vaporization  of  a  fuel  In  the  tank  during  storage  may  result 
In  Increased  pressure  and  bursting  of  the  tank. 

Certain  fuel  coiiq>onents  are  unstable  (liquid  oxygen,  liquid 
asBionla,  etc.)  and  Inflammable  materlels  (e.g.,  hydrogen  peroxide, 
nltromethane,  etc.)  that  are  Inclined  to  detonate  on  contamination, 
heating,  or  Jarring. 

The  fire  hazard  Is  particularly  acute  with  many  oxidizers 
which  form  chemical  compounds  with  large  numbers  of  organic  substances 
(e.g.,  nitric  acid  and  hydrogen  peroxide  produce  autolgnltlon  on  con¬ 
tact  with  many  organic  substances) .  The  majority  of  combustibles  Ig¬ 
nite  readily  on  gentle  heating  In  air. 

Nitric  acid,  hydrog«i  peroxide,  aniline  and  certain  other 
fuel  components  cause  serious  bums  on  contact  with  the  human  body. 
Appropriate  precautionary  measures  are  necessary  In  using  such  fuel 
compompits.  The  fire  hazard  Involved  In  handling  a  combustible  Is 
determined  by  Its  flash  point;  the  lower  this  temperature,  the  greater 
Is  the  fire  hazard  that  the  combustible  presents. 
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16.  f^el  componentB  should  not  be  toxic  In  either  the 
liquid  or  the  gaseous  state;  this  requlremsnt  Is  set  forth  to  avoid 
polslonlng  of  the  attendant  personnel.  If  the  appropriate  precaution¬ 
ary  measures  can  be  taken,  however,  the  toxicity  of  em  efficient 
fuel  conqponent  should  not  represent  any  obstacle  to  its  use. 

17.  Abundant  supply  and  low  cost  of  acquiring  the  fuel  com¬ 
ponents  from  domestic  sources.  The  fuel  components  in  wide  use  at  the 
present  time,  and  the  oxidizers  in  particular,  cost  more  than  the 
fuels  used  in  Jet  and  piston  engines. 

Fuel  conqponents  may  not  contain  foreign  impurities,  since 
these  lower  the  performance  and  operational  dependability  of  the 
engine.  Solid  impurities  in  fuel  components  cause  wear  of  Jets  and 
pumps,  and,  according  to  aviation  standards,  may  not  be  present  in 
quantities  greater  than  0.00^. 

The  above  specifications  for  the  fuel  determine  its  technical 
applications,  the  specific  thrust  developed  with  It,  the  method  used 
to  cool  the  combustion  chamber  and  nozzle,  the  fuel-supply  system, 
and  the  dependability  and  statistical  reliability  of  engine  operation 
on  the  fuel  In  question. 

No  fuel  that  fully  satisfies  all  of  these  specifications 
enumerated  above  exists  at  the  present  time.  For  this  reason.  It  Is 
necessary  to  select  coniblnatlons  that  are  capable  of  delivering  the 
best  results  under  specified  engine- operation  conditions  from  among 
the  large  nuniber  of  known  chemical  compounds. 

The  gjreatest  difficulty  is  encountered  in  selecting  the  oxi¬ 
dizer,  since  almost  all  oxidizers  are  unstable,  toxic,  and  e^enslve. 
In  addition  to  presenting  an  explosion  hazard. 

The  diverse  specifications  set  forth  for  fuel  components  have 
led  to  a  situation  at  the  present  time  In  which  only  a  few  of  them 
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are  being  used  In  practice.  In  many  cases,  It  Is  necessary  to  dis¬ 
pense  with  some  of  the  specifications  enumerated  above  in  view  of 
other  useful  properties  of  a  given  fuel.  For  exanqple,  it  is  frequently 
necessary  to  overlook  toxicity,  chemical  aggressiveness,  and  other 
undesirable  properties  of  fuel  components. 

SBCnON  10.  BASIC  CHARACTERISTICS  OF  ZhRD  COMBUSTIBLES 

In  the  general  case,  substances  in  which  the  quantities  of  com¬ 
bustible  elements  (C,  H,  Be,  Al,  etc.)  predominate  are  known  as  com¬ 
bustibles. 

From  an  engineering  viewpoint,  any  substance  characterized  by 
a  large  evolved  heat  on  combustion  of  a  unit  weight  or  volume,  ade¬ 
quate  readiness  to  enter  combustion  reactions  with  a  given  oxidizer, 
ready  availability,  and  accessibility  for  large-scale  use  may  be  re¬ 
garded  as  a  combustible. 

Existing  fuel  combustibles  are  classified  as  follows  in  ac¬ 
cordance  with  basic  characteristic  criteria: 

1)  in  accordance  with  the  niunber  of  coinbustible  elements  — 
as  elementary  combustibles,  which  consist  of  a  single  combustible 
element  such  as  H,  Be,  B,  etc.,  and  complex  combustibles,  which  are 
formed  by  various  combinations  of  combustible  and  noncombustible 
elements; 

2)  in  accordance  with  physical  state  at  normal  teoqperature  — 
as  liquid,  gaseous,  and  solid  combustibles; 

3)  in  accordance  with  the  number  of  components  making  up  the 
coiidE)U8tible  —  as  single- component  and  multi- component  coiidi)U8tible8; 

4}  in  accordance  with  the  manner  in  which  the  ccmibustible 
reacts  to  contact  with  oxidizers  —  as  nonhypergolic  (non-autoreacting) 
and  hypergolic  (autoz*eacting}  combustibles; 
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5)  In  accordance  with  the  nature  of  their  applications  -  as 
basic  or  working  fuel  components  and  auxiliary  or  starting  fuel  com¬ 
ponents,  l.e.,  components  used  only  In  starting  the  engine. 

At  the  present  time,  complex  combustibles  are  the  basic  ones 
In  use  In  2|£fi‘  basic  complex  combustibles  worthy  of  the 
greatest  attention  Include  the  following: 

1)  hydrocarbon  combustibles  —  kerosene  and  hydrocarbons 
similar  to  It,  Including  benzene,  nitrobenzene,  and  nltrotoluene; 

2)  "oxygenated"  hydrocarbon  combustibles  —  the  alcohols;  these 
Include  ethyl,  methyl,  propyl,  and  furfuryl  alcohols  and  solutions 

of  them; 

3)  nitrogen- containing  hydrocarbon  combustibles  —  the  amines: 
aniline,  dlethylaunlne,  trlethylamlne,  xylldene,  and  solutions  of  them; 

4)  nitrogen-hydrogen  combustibles  -  ammonia  and  hydrazine 
and  their  derivatives  (hydrazine  hydrate,  methylhydrazlne,  dimethyl- 
hydrazine)  and 

3)  boron-hydrogen  combustibles  -  pentaborane,  dlborlnamlde, 

etc. 

With  the  exception  of  ammonia,  all  of  these  combustibles  are 
In  the  liquid  state  under  standard  conditions,  and  this  facilitates 
their  use  considerably. 

Kydrocax^aon  combustibles.  Hydrocarbon  combustibles,  which  are 
distillation  products  of  petroleum  (tractor  kerosene,  etc.)  merit 
much  attention  for  use  as  combustibles  for  g|^. 

Table  3.11  lists  the  basic  characteristics  of  hydrocarbon 
combustibles  for  coinbustlon  In  oxygen  with  a  >  1. 

As  a  combustible,  kerosene  has  Important  advantages  over 
many  other  hydrocarbons  by  virtue  of  Its  ready  availability  and  low 
cost.  It  possesses  a  rather  high  specific  gravity,  a  high  flash  point, 
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TABLE  5.11 

Heating  l^ue  and  Biergy  Content 
of  Petroleum-Distillation  Products  at  20  C 
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1)  Hydrocarbon  combustible;  2)  specific  gravity  yj  3)  elementary  com¬ 
position,  %  by  weight;  4)  C^;  3)  H^;  6)  heating  value  for  combustion 

in  oiygbn,  kcal/lcg;  7)  hJ[  g;  8)  Hy  g#  9)  energy  content  1^,  kcal/kg; 

10)  aviation  gasoline:  11)  same;  12}  automobile  gasoline;  13)  trac¬ 
tor  gasoline  (llgroln) ;  14)  tractor  kerosene;  151  Illuminating  kero¬ 
sene;  16)  gas  oil. 


and  a  relatively  low  autoignition  temperature  -  all  of  which  are 
favorable  to  its  performance  in  the  engine.  Nor  do  shipment  and  stor¬ 
age  of  kerosene  present  any  difficulty,  and  its  production  has  been 
placed  on  a  firm  footing  by  extensive  development  of  the  petroleum- 
refining  Industry. 

Kerosene  can  be  used  as  a  combustible  with  all  oxidizers 
based  on  the  oxides  of  nitrogen.  The  net  stoichiometric  heating  value 
of  kerosene  with  nitric  acid  is  H^  *  1430  kcalAs* 

When  kerosene  is  used  as  a  combustible  in  a  ^hRD,  there  is  a 
possibility  of  carbon-deposit  fozmation  on  the  surface  of  the  inner 
chamber  liner,  and  this  will  inhibit  transfer  of  heat  from  the  gases 
to  the  chamber  liner  and  facilitate  cooling  of  the  latter.  Carbon- 


deposit  formation  is  due  to  the  chemical  nature  of  kerosene  and  de¬ 
pends  on  the  fuel  mixture  ratio  and  the  conditions  under  which  it  is 
burned. 

In  cases  where  kerosene  is  used  to  cool  the  engine  chamber, 
it  is  necessary  to  take  into  account  its  tendency  to  form  gums  on  the 
cooled  surface  of  the  chamber  liner  at  hi^  temperatures;  this  may 
interfere  to  a  considerable  degree  with  cooling  of  the  engine.  !nie 
actual  and  potential  gum  contents  of  kerosene  to  be  used  for  this 
purpose  must  be  checked. 

In  certain  cases,  it  Is  advisable  to  use  other  combustibles 
for  purely  operational  considerations.  Thus,  the  kerosene  fraction 
boiling  between  130  and  28o°C  during  direct  distillation  of  crude 
petroleum  may  be  used  successfully  as  a  gtfiQ  combustible. 

This  kerosene  has  the  following  basic  characteristics: 

1)  elementary  composition  by  weight:  C  «  86.76ji,  H  «  12.76)1, 

O  & 

and  0  ■  0.48j<j 

O 

2)  net  heating  value  for  combustion  in  oxygen,  10,250  kcal/kg; 

3)  physical  properties  at  20^0:  specific  gravity  O.819  kg/ 
/liter,  viscosity  1.84  cst,  heat  capacity  0.49  kcal/kg-®C; 

4)  solidification  point  -60®C,  boiling  point  +150®C,  dis¬ 
tillation  end  point  (98)^)  about  280^C; 

3)  heat  of  formation  plus  33  kcal/kmole;  heat  of  evaporation 
about  79  kcalAg* 

Diesel  fuel,  which  has  a  minimal  delay  and  a  rather  low  solidi¬ 
fication  point,  should  bum  somewhat  better  with  oxygen  in  a  Zj^D. 

Liquid  hydrogen  canxpt  be  rec^mnended  for  use  as  a 
bustlble  in  view  of  its  extz*emely  low  specific  gravity  and  the  dif¬ 
ficulty  of  producing,  storing,  and  using  it  in  its  liquid  state, 
despite  its  relatively  high  heating  value. 
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03dMiaii>ted»hydrooftrbon  coiflbustlbleB.  Among  the  oxygen* con¬ 
taining  hydrocarbons,  an  aqueous  solution  of  ethyl  alcohol  at  73- 
92^  concentration  by  weight  has  been  most  extensively  used  as  a  com¬ 
bustible  In  210.  The  ethyl  alcohol  Is  diluted  with  water  to  lower 
Its  combustion  tamterature  and  thus  render  cooling  of  the  engine 
easier. 

Table  5.12  presents  the  basic  characteristics  of  alcohols 
and  other  oxygenated- hydrocarbon  combustibles  used  In  220 
form  or  another. 

A  high  relative  content  In  fuel  mixtures  with  oxidizers 
(about  40-30^  by  volume)  Is  typical  for  the  alcohols.  They  differ 
little  In  specific  gravity  from  the  hydrocarbons. 

The  heating  values  of  the  majority  of  oxygen- containing  hydro¬ 
carbons  are  lower  than  those  of  the  hydrocarbons,  due  to  the  high 
positive  values  of  their  heats  of  formation.  However,  the  use  of 
these  expensive  combustibles  is  esqplalned  by  their  low  coibustlon 
temperatures,  idilch  make  It  possible  to  design  theramilly  relatively 
unstressed  Z|0,  while  the  high  heat- capacity  values  allow  them  to 
be  used  successfully  for  cooling  engine  chaiidi>ers;  this  Is  also 
assisted  by  the  high  boiling  points  of  the  alcohols. 

Table  5.13  lists  certain  characteristics  of  a  fuel  consist¬ 
ing  of  liquid  oxygen  and  aqueous  solutions  of  ethyl  alcohol  at  various 
concentrations . 

Mixtures  of  other  alcohols  having  the  same  heating  value, 
combustion  temperature,  and  other  characteristics  may  be  used  as  sub¬ 
stitutes  for  ethyl  alcohol;  this  Is  of  great  Importance  In  expanding 
the  operational  potential  of  engines  of  a  given  design. 

The  performance  of  oxygm-aloohol  engines  can  be  forced  by 
converting  them  to  a  coi^ustlble  consisting  of  alcohol  and  aviation 
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TABLE  5.12 
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5i  isqpropyl  alcohol;  6)  furfuryl  alcohol;  7}  furfural;  8)  venyl  [sic] 
ethyl  ether;  9}  phenol;  10)  elementary  composition  of  coaeustible,  ffj 
11)  carbon;  12)  hydrogen;  13)  oxygen;  l4)  molecular  weight;  15)  spec¬ 
ific  gravity  at  20OC,  kg/liter;  16)  temperature,*  ^C;  17)  melting; 
l8)  boiling;  19)  heat  of  formation,  kcal/g-moleoule;  20)  specific 
gravity  of  fuel,  kg/liter;  21)  net  heating  value  of  fuel;  22)  unit- 
weight,  koalAg;  23)  unit-volume,  koal/llter;  24)  gas  yield;  25) 
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gasoline  (binary  ccsibustible  mixtures)  or  mlxtui^es  of  alcohol,  gaso¬ 
line,  and  bensene  (ternary  combustible  mixtures),  which  do  not  sep¬ 
arate  into  layers  at  relatively  high  temperatures.  The  stratifica¬ 
tion  temperature  of  the  combustible  mixture  rises  when  the  water  con¬ 
tent  of  the  alcohols  is  increased. 

Furfuzyl  alcohol  is  added  to  certain  combustibles  to  render 
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TABLE  5.13 
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(J 


— = 

XapaKTepNCTMioi  Toamn 

aero  opttiyKTM  cn^* 
mi  ifMi  li-l 

■  —  --  —  ~ 

IKORUCHTpmHI  CniPTI  B  BoilUl 

MCTBOpax.  H 

mmtf 

« 

70 

78 

80 

85 

90 

00 

m 

cecTii  TOUM. 

1  ■RMpaM 

44.4 

40.7 

80.0 

37.5 

30.1 

34.8 

33.0 

32.4 

55.6 

50.8 

61.0 

62,6 

63.9 

65.2 

06,4 

87.6 

BiMMMm  COefM  T«M|. 

iSra! 

tmtm 

S0.6 

47.4 

46.0 

44.8 

81.6 

82.0 

•1.7 

40.0 

1  MtfMp0i9 

46.4 

88.0 

54.0 

85.2 

81.4 

87.4 

■.3 

80,1 

1  MMit 

1.26! 

1.480 

1.804 

1.000 

1.772 

1,076 

1.061 

2.085 

.  omciiMHi 

0,977 

1.111 

1.174 

1.285 

1.202 

1,846 

1.307 

1.443 

k'lMMMi  Mt,  tatm 

1  caen 

0.789 

0.868 

0.866 

0.844 

0.831 

0.818 

aoo4 

e.7is 

^wTaaSir  rrlinSir 

1.014 

1.011 

1.080 

1.007 

1.006 

1.001 

1,000 

‘f.lO» 

1 

«k 

80.0 

54.4 

56.9 

87.8 

■.0 

80,0 

80.0 

•1.0 

40,1 

45.0 

44.1 

42.7 

41,4 

•04 

».l 

8o.e 

PeM  CTtnoMtrpmic. 

1810 

1700 

* 

1770 

1820 

1880 

1800 

mo 

1 

2010 

mtMtA 

I4e 

um 

mo 

1780 

1000 

MOO 

mo 

lOOO 

MO 

870 

545 

8M 

m 

014 

801 

IW. 

TOO 

882 

854 

041 

820 

818 

mr 

m 

TOO 

1)  Oharaoterlstics  of  fuel  and  Its  coinbustlon  products  at  o  ■  li 

2^  alcohol  In  aqueous  solutions,  f  by  weight;  3)  coa- 

alcohol;  5)  oxygen;  6)  coaposition 
TJ  alcohol:  8)  oxygen;  9)  fuel  alxture  ratio; 
rSc  volpe;  12)  specific  gravity,  kg/liter; 

-?L^ coaposition  of  products  of  coia- 
JiS*  2f^  stoichiometric  heating  value  of 

17)  uhlt-w^ght,  kcalAf;  l8)  unit-volume,  koal/llter;  19)  gas 
yield  from  complete  coatoustlon  of  fuel;  20)  llter/kg;  21)  lltws/llter. 


then  autolgnlting  on  nixing  with  the  oxldlser.  It  is  a  colorless  aro¬ 
matic  fluid  that  is  slightly  soluble  in  petroleum  hydrocarbons  and 
has  a  flash  point  of  about  91,3®c. 

Nitrogen- containing  hydrocarbon  ccmibustibles.  The  nitrogen- 
containing  hydrocarbon  combustibles  include  aliphatic  and  aromatic 
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TABLE  5.14 

Basic  Characteristics  of  Nitrogen- 
Containing  Cong>ounds 


Abmn. 

C«H„M  I  I  C,H„N 


McnenM  ropiMB* 

r«k  ^ 

10  yfjwpw  Cr 

11  MMpPXH  Hr 

12  aaora  Nr 

1 13  KHcaopoaa  Or 
l4  MoacKyaapMHi  mc 
;  ISVJiaaMtdl  BMi  **1* 

;  lOTtMMparypt*.  *C: 

17  njaMaan 

18  KNIMHIM 

Tmaora  otfpaaoMMW, 


yjMaMHR  MC  TonaH* 

20  ■*  M  ocMM  na* 
Koro  RNCMPOM. 
«a/4 

Koa^tuteat  cocmm 


'  STraaMtpuoiMMM: 

86  Afm 
*1* 

•At  atmospheric  pressure. 

1)  Ooabvistlble;  2)  characteristic;  3)  aniline;  4)  dlethylaailne; 

5'  trlethylamlne;  6)  xylldene;  7)  nitrobenzene;  8)  nltrotoluene; 

9  elementary  weight  contmts  of  elements  In  c«ebustlbler 
16)  carbon  C  ;  11;  hydrogen  H^;  12)  nitrogen  M  ;  13)  oxygen  0^; 

14)  moleculw  weight;  15)  apeolflc  gravity,  kg/llter;  I6)  te^e» 
turm,*  °C;  17)  melting;  18)  boiling;  19)  heat  of  formation,  koal/ 
/l-molecule;  w)  apeelflc  gravity  of  fuel  baaed  on  llq^ild  oxygen, 
kg/llter;  21)  fuel  mixture  ratio;  22)  by  M)  ^  voIum; 

il)  heating  value  of  fuel;  25)  unit-weight,  Ml/kgi  »)  unit-volume 
koalAlter;  27)  gas  yield;  20)  llters/kgj  29)  llters/llter. 


anlnes.  Representatives  that  have  been  used  as  combustibles  In  ZhRD 
Include  aniline,  dlethylamlne,  trlethylamlne,  and  xylldene.  Table 
3*14  lists  the  basic  characteristics  of  certain  amines  and  nltro- 
cMnpounds . 

Aniline  and  the  combustible  Tonlca-230,  which  consists  of  30$l( 
trlethylamlne  and  30$^  xylldene,  have  been  most  extensively  used  as 
self-contained  combustibles.  The  rest  of  the  above  amines  may  be  used 
In  one  quantity  or  another  In  the  compositions  of  other  coiidE)ustlble 
mixtures . 

Xylldene  mixes  very  poorly  with  water.  Trlethylamlne  mixes 
well  with  water  and  this  makes  It  possible  to  water  the  Tonka-230 
ccHBbustlble  to  a  marked  degree  without  precipitating  phases. 

The  basic  characteristics  of  the  Tonka-230  coinbustlble  are 
as  follows: 

1)  elementary  composition  by  weight:  C  =  75.232J<,  H  * 

CS  o 

=  12.046j<,  and  N  -  12.7025^; 

2)  the  net  heating  value  for  combustion  In  oxygen  Is 
9095  kcal/kg; 

3)  the  solidification  point  Is  -30^0  and  the  boiling  point 
Is  +83®C; 

4)  specific  gravity  0.843  kg/llter  at  20^0,  heat  capacity 
0.33  koal/kg-^C,  and  kinematic  viscosity  1.19  cst  (at  20^0); 

3)  the  heats  of  evaporation  at  tenqperatures  of  -60^  and 
+230^0  are  80.3  And  39 >3  kcal/kg,  respectively. 

Kltrogen-hydrogen  coiabustlbles .  Among  the  nltr(^en- hydrogen 

o<xibustibles  (nitrogen  hybrids  [sic]*),  ammonia,  hydrazine,  and  the 

latter's  derivatives  (hydrazine  hydrate,  methylhydrazlne,  and  dl- 

isethylhydrazine)  meblt  the  greatest  attention. 

^TlRe  Russian  glbrldov  which  appears  In  the  original  Is  probably  a 
•  typographical  erit^^^for  gidrldov.  hydrides.] 
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Anunonla  (NH^)  Is  a  colorless  gas  with  a  characteristic  pungent 
odor  under  normal  conditions.  It  is  poisonous  and  irritates  the 
membranes  of  the  eyes  and  respiratory  organs.  Concentrations  no 
higher  than  0.02  mg  per  liter  of  air  can  be  safely  tolerated.  It 
can  be  stored  for  long  periods  under  pressure  in  the  liquid  state. 

It  dlsaolves  well  in  a  large  nu^er  of  organic  and  inorganic  conqpoxmds 
and  even  in  metals. 

Hie  basic  physicochemical  properties  of  ammonia  are  as  . 

follows : 


molecular  weight 

melting  point, 

boiling  point,  ®C 

critical  temperature,  °C 

critical  pressure,  atmospheres  absolute 

specific  gravity  at  -33 *44^0,  Icg/llter 

heat  capacity  at  20OC,  koal/kg-^C 

thermal  conductivity  at  20°C, 

kcal/m-hour-®C  2 

viscosity  at  -33.44®C.  dyne-sec/cm 
surface  tension  at  20®C,  dynes/cm 
heat  of  formation  at  -33. 44^0,  kcal/kg 
heat  of  evaporation  at  -33.44oc,  kcal/kg 
net  heating  value,  kcal/^: 

a)  for  combustion  in  oxygen 

b)  for  conibustion  in  fluorine 


17.03 

-77.75 

-33.^4 

132.4 

111.5 
0.68 
1.14 


0.42 

0.00254 

66.67 

-1000.0 

327.65 

1640 

2310 


Since  ammonia  contains  only  17.8$^  by  weight  of  combustible 


(hydrogen),  it  is  incapable  of  combustion  in  air  and  bums  only  in 
oxygen,  with  a  yellow  flame;  it  is  autolgnltlng  at  700®C.  However, 
the  use  of  ammonia  with  oxygen  in  is  inconvenient  because  of  its 

sluggishness  in  chemical  reaction,  its  low  boiling  point,  and  its 


toxicity,  even  though  it  has  a  low  combustion  temperature  and  cooling 
properties  better  than  those  of  kerosene  (in  cases  where  it  is  used 
in  cooling  the  engine  chamber) . 

Hydrazine  (N2Hj^)  is  obtained  from  amnonla;  under  standard 
conditions,  it  is  a  colorless,  poisonous  fluid  that  fumes  in  air  and 


absorbs  moisture,  carbon  dioxide,  and  oxygen  from  the  atmosphere. 
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It  mixes  with  water,  alcohols,  ammonia,  and  other  nonpolar  liquids. 

Hydrazine  Is  unstablej  In  Its  anhydrous  state.  It  Is 
liable  to  catalytic  and  thermal  decomposition  Into  the  elements  and 
Into  a  nitrogen-ammonia  mixture.  It  bums  with  a  blue  flame  In  air. 
Hydrazine  Is  not  sensitive  to  Jarring,  and  Its  Ignition  tenqperature 
Is  lower  In  oxygen  than  In  air  and  highest  of  all  In  nitrogen.  It 
attacks  rubber  and  many  other  organic  materials. 

The  basic  physicochemical  properties  of  hydrazine  are  as 

follows : 


molecular  weight 

melting  point, 

boiling  point,  °C 

critical  temperature, 

critical  pressure,  atmospheres  absolute 

specific  gravity  at  20®C,  kg/llter 

heat  capacity  at  20^C,  kcal/kg-^C 

viscosity  at  20®C,  dyne-sec/cm^ 

surface  tension  at  250c,  dynes/cm 

heat  of  formation  at  25°C,  kcal/kg 

heat  of  fusion  at  2°C,  kcal/kg 

heat  of  evaporation  at  113.5®C,  kcal/kg 

net  heating  value,  kcal/ki*: 

a)  for  combustion  In  oxygen 

b)  for  c^nbustlon  In  fluorine 


32.05 

2.0 


113.5 

380 

1.0083 


0.735  „ 
0.01038 
66.67 

+374.41 

94.38 

304.52 


1940 

2430 


Hydrazine  Is  a  most  efficient  and  versatile  combustible  be¬ 


cause  It  delivers  higher  in  combination  with  almost  all  oxidizers. 
To  use  It,  It  will  be  necessary  to  Inqprove  Its  operational  properties 


and  lower  the  cost  of  producing  It.  It  would  be  highly  desirable  to 


lower  Its  boiling  point  by  Introducing  admixtures,  e.g.,  by  dis¬ 


solving  water  In  It  or  by  dissolving  It  In  ammonia.  In  which  It  dis¬ 


solves  without  limit.  The  addition  of  10$t  by  weight  of  water  to  hydra¬ 
zine  lowers  Its  boiling  point  to  -9®C,  and  20%  of  water  depresses  It 
almost  to  -30^C. 


Highly  promising  combustibles  are  methylhydrazlhe, 
(CHgNgHg)  and  unsymnetrlcal  dlmethylhydrazlne  (CH^)2H2H2*  which  are 

"  ^ud  “  ^udel'nyy  “  ^specific 


derlvttlves  of  hydrazine  that  are  liquid  under  normal  conditions. 
These  combustibles  have  low  boiling  points,  are  more  stable  than 
hydrazine,  and  form  highly  efficient  fuels  with  fluorine  monoxide, 
all  of  which  indicate  that  they  should  be  thoroughly  studied  and  put 
to  use. 


Methylhydrazlne  is  hygroscopic,  has  a  t^j^  =  -52.4®C,  * 

■  87°C  (at  745  nm  Hg),  tj^  =  257®c,  Pj^  =  75  atmospheres  absolute, 
Yg  -  0.876  Icg/llter,  -  292  kcal/kg,  Q^^p  -  209.78  kcal/kg,  and 
Qp^  -  54.13  kcal/kg.* 

Uisymmetrlcal  dlmethylhydrazlne  (dimazine)  is  a  colorless. 


highly  hygroscopic  fluid  with  a  high  mobility  under  standard  con¬ 
ditions  and  an  ammonlacal  odor;  it  is  soluble  in  water,  alcohols, 
hydrocarbons,  and  amines. 

The  basic  physicochemical  properties  of  dimazine  (DIK}**)'are 
as  follows: 


molecular  weight 
melting  point, 
boiling  point,  ®C 
specific  gravity  at  20°C,  kg/llter 
coefficient  of  expansion 
critical  temperature, 
critical  pressure,  atmospheres 
viscosity,  centlpolses 
flash  point  (in  closed  vessel), 
heat  capacity  at  20^C,  kcal/kg- 
heat  of  formation  [sic],  kcal/kg 
heat  of  combustion,  kcal/kg 
heat  of  evaporation,  kcal/kg 
heat  of  formation  [sic],  kcal/kg 
thermal  conductivity  at  20^C, 
kcal/m-hour  ®C 

coefficient  of  surface  tension,  kg/m 
energy  content,  kcal/kg 
net  thermal  conductivity  [sic]  for  cc»n- 
bustlon  in  oxygen  (at  200c),  kcal/kg 


63 

0.795 

0.0013 

249 

62 

0.586 

1.1 

0.653 

184.75 

7900 

40 

134 


0.18 

0.0025 

218 


2200 


At  the  present  time,  dimazine  is  used  as  a  combustible 

*[ duDscript s i  nji  >  pi  <■  plavlenlye  »  melting;  Hcn  *  isp  > 

«  l8i>areniye  >  evi4>oratlon.] 

**[  AMT*  DNO  >  diomtllfidrazin  «  dlmethylhydrazlne.] 
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that  is  hypergollc  when  mixed  with  nitric  acid  and  Its  derivatives. 

It  can  also  be  used  with  liquid  oxygen;  the  latter  are  not  auto- 
Igniting  iriien  mixed. 

Boron- hydrogen  combustibles.  Elementary  boron  has  a  net 
heating  value  of  about  13^670  kcal/kg  and  forms  a  number  of  compounds 
(known  as  boranes)  with  hydrogen.  The  best  of  these  are  dlborane 
(BgHg,  a  gas),  pentaborane  (B^H^,  a  liquid),  decaborane  a 

solid),  etc. 

The  net  heating  value  of  boron- hydrogen  compounds  for  com¬ 
bustion  In  oxygen  attains  16,300  kcal/kg,  while  this  figure  Is 
10,300  kcal/kg  for  kerosenes.  For  this  reason,  they  develop  specific 
thrusts  almost  1.6  times  greater  than  those  of  the  kerosenes.  Dl¬ 
borane  and  pentaborane  are  autolgnltlng  In  air.  When  carbon  Is  added 
to  them,  they  are  stabilized  as  regards  autolgnltion,  but  this  drops 
the  net  heating  value  to  13>dd0  kcal/kg.  The  boron  hydrocarbons  thus 
obtained  are  generally  known  as  alkylboranes  or  carboranes. 

The  basic  physical  properties  of  the  combustibles  involved 
here  are  as  follows: 


ropi^KC  1 

2) 

Pr 

•« 

4) 

1  KtpOCM 

0.88 

-80 

180 

7 

1  ANflopN  (BiH,; 

2?.r 

0,48 

-08 

1  nemeopa  <abNb) 

«.2 

0.61 

-47 

00 

9 

1  AcuCopM  <l|dHid 

121.3 

o,w 

ioo 

818 

10] 

'  « 

— 

0.88 

— 

m 

1)  Combustible;  2)  3)  Y,  g/cm^  at  20°C;  4)  tpj^,  °C;  5)  tj^^p,  ®C; 

6)  kerosene;  7)  dlborane;  8)  pentaborane;  9)  decaborane;  10)  car- 
borane . 

These  combustibles  are  many  times  more  expensive  than  kero¬ 
sene.  In  addition.  It  Is  extremely  difficult  to  use  them  for  a  ntatfber 
of  reasons. 
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Pentaborane,*  which  Is  a  colorless,  toxic,  mobile  fluid  with 
an  unpleasant  odor  under  standard  conditions.  Is  of  Interest  as  a 
combustible  for  gjjgg.  Under  ordinary  conditions.  It  can  be  stored  for 
years.  It  decomposes  slowly  on  heating,  for  the  most  part  to  boron 
oxide,  which  Is  capable  of  causing  corrosion  and  forming  deposits 
that  clog  the  flow  sections  of  the  Jets,  which  makes  Its  utilization 
very  difficult.  Pentaborane  can  be  used  as  an  additive  to  other  com¬ 
bustibles,  as  well  as  for  adjusting  the  combustion  processes  of 
amines  and  hydrazine  derivatives  In  combination  with  fluorine  mono¬ 
xide  or  ammonium-fluoride  fuels,  which  are  unstable  In 

Suspensions  of  boron  In  kerosene,  which  give  energy  yields 
only  slightly  below  those  of  mixtures  with  pentaborane  and  are  con¬ 
siderably  more  convenient  to  work  with,  must  be  regarded  as  the  most 
attractive  among  the  boron-based  fuels. 

The  use  of  silicon  hydrides  and  trlslllcylamlne  Sl^H^N  (a 
mobile  colorless  fluid  that  Is  autolgnltlng  In  air)  Is  not  Justified 
In  practice  because  of  the  difficulty  of  producing  them. 

Analysis  of  the  heat  effects  obtained  with  known  elementary 
conibustlbles  and  the  most  efficient  oxidizers  permits  the  conclusion 
that  hydrogen,  lithium,  beryllium,  boron,  carbon,  sodium,  aluminum, 
magnesium,  silicon,  phosphorous,  sulfur,  potassium,  and  calcium  have 
the  highest  heating  values  among  them.  Here,  calculations  Indicate 
that  the  most  efficient  of  these  elements  are  hydrogen,  lithium, 
beryllium,  and  boron,  which  can  b-*  burned  In  liquid  fluorine  to  In¬ 
crease  the  flight  range  of  rockets. 

Hie  fuels  hydrogen  fluoride  and  lithium  fluoride  develop 
the  highest  specific  thrusts  (about  400  kg  of  thrust/kg  of  fuel/sec). 
Incz>easlng  the  chaiid)er  px*essure  at  the  optimum  excess  oxidizer  ratio 
''IbcBpress- Inf ormat slya  AN  SSSR,  No.  9f  AI>S-37>  1959* 
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and  redistribution  of  the  gases  in  the  nozzle  (the  metallic  fluorides 
are  in  the  solid  state,  while  honnetallic  fluorides  are  gaseous)  by 
the  use  of  these  fuels  may  result  in  a  specific  thrust  in  vacuo  of 
about  450  kg  of  thrust/kg  of  fuel/sec,  which  is  obviously  the  at¬ 
tainable  limit  for  chemical  energy  sources  in  oxidation  reactions. 

Although  the  use  of  difficult-to-make  and  expensive  solid 
combustible  elements  In  is  technically  possible  and  easiest  in 
the  form  of  suspensions  In  kerosene,  amines,  hydrazine,  and  its 
derivatives,  their  practical  utilization  is  In  doubt  at  the  present 
time  due  to  their  high  viscosity.  Inadequate  stability  (they  coagulate) 
and  relatively  high  combustion  temperatures,  which  are  an  obstacle 
to  operation  and  cooling  of  the  engine.  Due  to  the  high  viscosity  of 
the  suspensions,  the  pressure  gradient  In  the  jets  of  the  condbustlon 
chaniber  must,  all  other  things  equal,  be  3  to  6  times  higher  than 
for  kerosene. 

This  does  not  exclude  the  application  of  certain  metals  and 
nonmetals  to  activate  combustibles  or  to  provide  chemical  Ignition 
of  the  sustaining  fuel  when  the  engine  is  started. 

SBCTION  11.  BASIC  CHARACTERISTICS  OP  OXIDIZERS  FOR  ZhRD  COMBUSTIBLES 

Substances  in  which  oxidizing  elements  (Og#  0^,  HgOg,  etc.) 
predominate  in  the  weight  breakdown  are  known  as  oxidizers. 

Among  all  the  potential  oxidizers,  only  those  that  couple 
adequate  efficiency  in  reaction  with  combustibles  with  abundant  oc¬ 
currence  and  accessibility  to  use  are  of  technical  significance. 

The  most  Inportant  oxidizers  include  the  elementary  oxidizers 
—  fluorine,  oxygen,  chlorine  —  and  other  coatplex  oxidizers,  irtilch 
are  compounds  of  oxygen,  fluorine,  chlorine,  and  nitrogen  with  one 
another  in  different  combinations,  certain  coiqpoxinds  of  these  elements 
with  combustible  elements  (carbon,  hydrogen,  sulfur,  etc.),  as  well 
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fmi  5.13 

Physicochemical  Properties  of  Certain  Oxidizers 
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Note.  The  solidification  and  boiling  points,  as  well  as  the  other 
(  cnaracterlstlcs  of  the  oxidizers  are  listed  for  atmospheric  pressure. 

1)  Oxidizer;  2)  chemical  formula;  3)  molecular  weight;  4)  specific 
gzmvity  in  liquid  state;  5)  temperature,  OC;  6)  7) 

8)  heat,  kcal/kmole;  9}  formation;  10}  evaporation;  11)  viscosity; 

12)  cst;  13)  centipolses:  l4)  poises;  13)  kcal/kmole:  l6)  cal/g; 

17)  lOOJIt  nitric  acid;  l8)  100^  hydrogen  peroxide;  19)  nitrogen 
tetroxide;  20)  perchloric  acid;  21)  tetranltromethane:  22)  liquid 
nitrogen  trifluoride;  23)  liquid  fluorine  nitrate;  24)  chlorine 
trifluoride;  23)  liquid  oxygen;  26)  liquid  fluorine  peroxide; 

27)  liquid  oxygen  fluoride  (fluorine  oxide);  26)  liquid  fluorine; 

29)  liquid  ozone;  30)  sulfuric  acid;  31)  water. 


as  solutions  of  oxidizers  in  one  another. 

PiTesently  known  oxidizers  for  ZhRD  combustibles  may  be  classi¬ 
fied  on  the  basis  of  the  following  characteristic  criteria. 

1.  On  the  basis  of  their  physical  state  under  standard  con¬ 
ditions  —  as  liquid,  gaseous,  and  solid  oxidizers. 

2.  On  the  basis  of  the  oxidant  base,  as  follows: 


O 


«l Subscript  saw  a  zam  >  zamerzanlye  «  freezing,  solidification.] 


a)  oxygen  oxidizers  -  liquid  oxygen,  Its  allotroplc  modiflea- 
tlons,  and  Its  conqpounds  with  conibustlble  elements; 

b)  nitrogen  oxides  and  oxidizers  containing  nitrogen  oxides 
or  derived  from  them; 

c)  fluorine  oxidizers  ~  fluorine  and  fluorides  of  oxygen, 
chlorine,  and  nitrogen  and  other  fluorine- containing  compounds; 

d)  chlorine  oxidizers  —  chlorine,  chlorine  oxides,  and  oxi¬ 
dizers  containing  chlorine  oxides  or  derived  from  them. 

Solutions  of  the  various  oxidizers  In  one  another  can  be  as¬ 
signed  to  the  various  oxldant-base  groups  listed  above  In  accordance 
with  the  oxidizers  that  are  chemically  most  characteristic. 

The  presently  known  most  efficient  elementary  oxidizers  can 
be  arranged  In  the  following  series  In  order  of  diminishing  activity 
In  chemical  reaction:  fluorine,  oxygen,  chlorine,  bromine,  and  Iodine. 
Only  a  few  oxidizers  are  currently  In  use  In 

Table  3.15  lists  the  physicochemical  characteristics  of  the 
most  efficient  oxidizers,  and  Table  3 >16  the  net  stoichiometric  heat¬ 
ing  value  of  toluene  with  these  oxidizers.  !nie  heats  of  evaporation 
and  wazmilng  to  normal  temperature  were  taken  Into  account  In  comput¬ 
ing  the  heating  values  for  liquified  oxidizers. 

Table  3 <17  shows  the  elementary  compositions  of  the  oxidizers 
considered  here.  It  will  be  seen  from  this  table  that  nitric  acid, 
hydrogen  peroxide,  perchloric  acid,  and  tetranltromethane  contain 
combustible  elements. 

Below  we  present  a  brief  discussion  of  the  fundamental  pro¬ 
perties  of  the  oxidizers  that  are  of  prime  Importance  In  using  them. 

In  Its  pure  form,  nitric  acid  Is  a  colorless,  poisonous, 
hygroscopic  liquid  that  fumes  In  air  aiwl  has  a  highly  Irritating  odor. 
The  use  of  nitrogen  dioxide  gives  It  a  yellow  to  brown  coloration. 
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On  coming  Into  contact  with  the  skin,  It  Inflan^s  the  tissue  and  forms 
yellow  spots.  If  the  acid  Is  not  washed  off  Imnedlately  and  neutral- 
Izedf  lesions:  will  form.  When  conditions  favor  It,  explosions  may 
occur  when  It  comes  Into  contact  with  solid  combustible  materials 
(dry  sawdust,  cotton  batting  In  large  quantities) .  It  forms  show- 
white  crystals  In  Its  solid  state. 

TABLE  5.16 

Efficiency  of  Basic  Oxidizers  In  Stoichiometric 
Condaustlon  of  Toluene  In  Them 
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Note.  In  this  table,  the  oxidizers  are  arranged  In  order  of  Increas- 
ing  unit-weight  net  stoichiometric  heating  value  of  the  fuel. 

1)  Oxidizer;  2)  specific  gravity  at  20°C,  kg/llter;  3)  net  stolchlo- 
iMtrlc  heating  value;  4)  kcal/kg;  5)  specific  gas  yield;  6)  liters/ 
/kg;  7)  llters/llter;  8)  gas  constant;  kg-iv^kg  ®C;  9)  nitric  acid; 

10  hydrogen  peroxide;  111  nitrogen  tetroxlde;  12)  perchloric  acid; 

13  tetranltroMthane;  l4)  nitrogen  trlfluorlde;  15)  fluorine  nitrate; 
16,  oxygen;  17)  fluorine  peroxide;  18)  fluorine  oxide;  19)  fluorine; 
20,  ozone. 


Hydrogen  peroxide  Is  a  colorless,  poisonous,  odorless,  low- 
moblllty  fluid  that  appears  bluish  in  thick  layers.  On  coming  Into  ^ 
contact  with  the  skin.  It  produces  white  spots  which  are  accompanied 
by  Itching  and  burning  but  disappear  after  a  few  hours;  blisters  form 
after  prolonged  contact  with  the  skin.  Wool,  coal,  cotton  batting, 
and  certain  other  cMddustlble  materials  are  spontaneously  Inflasmuible 


-  251  - 


*1 


•mm  5.17 

Mlilintary  Ooi|>o«ltlons  by  Weight  of  Basle  0x141ssi>b 


1)  Oxidizer:  2)  contents  by  weight  of  Individual  elements  In  oxldlsMr;; 
3}  oxygen;  4)  fluorine;  5) -chlorine;  6)  nitrogen;  7)  hydrogen;  8)  oar- 
ben;  9)  nitric  acid;  10)  hydrogen  peroxide;  11)  nitrogen  tetroxlde; 

12)  perchloric  acid;  13)  tetranltromethane;  14}  nitrogen  trlfluorlde; 
15)  fluorine  nitrate;  lo)  oxygen;  17)  fluorine  peroxide;  l8)  fluorine 
oxide;  19)  fluorine;  20)  oxone. 


on  contact  with  hydrogen  peroxide.  It  presents  an  ejqploslon  hazard 
and  can  be  stabilized.  It  Is  a  colorless  crystalline  mass  In  the 
O  solid  state . 

In  pure  form,  nitrogen  tetroxlde  Is  a  colorless,  poisonous 
fluid.  This  oxidizer  Is  usually  yellowish  in  color,  and  this  colora¬ 
tion  Intensifies  as  the  temperature  rises  due  to  dec<xBpo8ltlon  Into 
nitrogen  dioxide.  The  low  boiling  point  makes  it  highly  volatile, 
and  Its  vapors  asphyxiate.  On  coming  into  contact  with  the  skin  or 
conbustlble  materials,  It  behaves  in  much  the  same  way  as  nitric  acid; 
It  may  autolgnlte  under  certain  circumstances  and  presents  an  esqplo- 
slon  hazard.  It  is  a  white  crystalline  mass  In  the  Solid  state. 

In  Its  pure  form,  perchloric  acid  Is  a  colorless,  hygro¬ 
scopic,  poisonous  fluid  that  fumes  In  air  with  coz*roslve  vapor.  It 
forms  painful  and  dangerous  leslona  on  the  skin.  There  is  a  danger 
of  explosion  on  contact  with  cosdmstlble  materials  (coal,  paper,  wood, 

V 

etc.);  It  Is  stabilized  to  s<XBe  extent  by  addition  of  about  1  to 
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of  oarbon  tetrachloride. 


In  Its  pure  form,  tetranitromethane  Is  a  colorless  and  taste¬ 
less  liquid.  It  Is  more  highly  toxic  than  any  other  hlgh-bolllng 
oxldlser,  except  pez4iaps  for  the  fluorlner containing  oxidizers.  It 
Is  volatile  and  causes  copious  lachrymat Ion.  Its  vapor  Is  colorless 
and  asphyxiating,  possessing  the  pungent  odor  of  the  nitrogen  oxides. 
It  Irritates  the  skin  on  contact  with  It.  Ccmibustlbles  and  solid 
materials  (cloth,  wood)  do  not  mutolgnlte  on  contact  with  It.  It  pre¬ 
sents  an  eiqploslon  hazard,  can  be  stabilized,  and  forms  white  crystals 
In  the  solid  state. 

nitrogen  trlfluorlde  Is  a  liquefied  gas.  In  its  gaseous  state. 
It  Is  colorless,  highly  poisonous,  explosive,  and  stable  to  heating 
and  various  chemical  disturbances.  It  Is  nearly  insoluble  In  water; 

It  does  not  react  with  water  under  normal  conditions.  A  reaction  with 
water  vapor  begins  only  when  electrical  energy  is  supplied  azxd  then 
proceeds  slowly.  It  has  not  been  adequately  studied  up  to  the  present 
time. 

yiuorlne  nitrate  Is  a  liquefied  gas.  In  the  gaseous  state.  It 
Is  colorless,  poisonous,  and  has  an  asphyxiating  odor.  It  decomposes 
during  storage  and  eiqplodes  on  contact  with  certain  combusblblee 
(alcohol,  ether,  etc.).  It  Is  soluble  In  water  and  decomposes  to  a 
minor  degree. 

Liquid  oxygen  Is  a  bluish  low-bolllng  liquid  (liquefied  gae). 
Gaseous  oxygen  Is  colorless,  odorless,  and  tasteless.  It  can  be  In¬ 
haled  for  brief  periods  without  danger ^  Brief  contact  of  liquid 
oxygen  with  the  huBUui  body  (fractions  of  a  second)  Is  not  dangerous, 
but  freezing  occurs  on  longer  contact.  Normally,  combustible  materials 
do  not  Ignite  In  oxygen.  It  presents  an  e}q)loslon  hazard  and  Is  a 
white  mass  In  the  solid  state. 
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Ltlttid  flttorlnt  It  t  ytllow  low-boiling  liquid  (liquefied, 
gat).  It  It  ui  extroMly  [the  BK>tt]  powerful  oxidlter,  reacting  with 
pMMtioally  all  organic  and  Inorganic  ttd>atanoet  (with  the  exception 
of  inert  gatet)  with  evolution  of  heat. 

The  taturatlon  vapor  pressure  of  fluorine  In  the  boiling- 
point  lntM>val  froti  53*5^90°K  Is  given  by  the  equation  • 

j  If 7.01719 

Where  £  it  the  pretture  in  am  Hg  and  T  la  the  abaolute  teBi>eratui*e 
in  ^igreet. 

nie  critical  presaure  la  53  atnoapherea  and  the  critical  tem¬ 
perature  Is  129^0. 

Qaaeoua  fluorine  Is  nearly  colorless  In  a  thin  layer,  but 
it  gre«ilth-yellow  In  color  In  thick  layers.  It  Is  highly  poisonous 
and  hat  a  sharp.  Irritating  odor.  Brief  contact  of  fluorine  vapor 
with  the  tkln  causes  Inflammation  and  abscesslng.  It  presents  an  ex¬ 
plosion  hatard.  It  is  a  white  mass  In  the  solid  state. 

The  following  fluorine-based  oxidizers  are  possible i  liquid 
fluorine  peroxide  0^2*  fluorine  oxide  OP2#  chlorine  trifluo- 

vide  CIF^,  bromine  pentafluoride  BrF^,  etc.  Like  fluorine  Itself, 
these  oxidizers  are  thermodynamically  stable  and  have  indefinite 
storage  lives. 

Liquid  fluorine  peroxide  Is  a  low-boiling  blood-red  liquid 
(liquefied  gas).  It  has  a  pale  brown  color  In  Its  gaseous  state:  at 
30°C,  it  beooBMS  colorless  as  a  result  of  depoaposltlon  into  the 
elesMUits.  It  forms  orange-red  crystals  in  the  solid  state.  It  has 
not  bewi  thox^ughly  studied.  It  resembles  fluorine  oxide  and  fluorine 
in  its  behavior. 

Liquid  fluorine  oxide  Is  a  yellow  low-boiling  fluid 
(liquefied  gas).  In  the  gaseous  state.  It  is  colorless  and  has 
tlM  wpleaaant  odor  of  fluorine.  It  yields  little  to  fluorine  as 


regards  toxicity  and  aggressiveness  toward  materials.  The  efflclen 
cles  of  fluorine  monoxide-based  fuels  are  higher  than  those  of  the 
oxygen  fuels  but  lower  than  those  of  the  fluorine  fuels;  however, 
the  production  of  fluorine  monoxide  Is  more  conqplex  than  that  of 
elementary  fluorine. 

Brief  contact  with  solid  combustible  materials  does  not  re* 
suit  In  ignition.  The  esqploslon  hazard  is  relatively  high. 

Chlorine  trifluoride  has  a  molecular  weight  of  92.46,  a 
melting  point  of  -76.32°C,  a  boiling  point  of  +11.75*^C,  a  critical 
temperature  of  +153 *3^0,  and  a  specific  gravity  of  1.883  Icg/llter 
(at  0°C) . 

Bromine  pentafluorlde  has  a  molecular  weight  of  174.92,  a 
melting  point  of -62. 5°C,  a  boiling  point  of  +40.3®C,  a  critical 
teinperature  around  197°C,  and  its  specific  gravity  is  2.547  kg/llter 
(at  d®C). 

Liquid  ozone  is  a  low-boiling,  highly  poisonous  violet  fluid 
(liquefied  gas);  In  the  gaseous  state  It  Is  blue  and  has  a  sharp 
characteristic  odor,  it  Is  more  aggressive  toward  combustible  mate¬ 
rials  than  Is  fluorine  oxide  and  causes  Ignition  of  most  liquids 
(hydrocarbons,  alcohols,  amines,  etc.)  and  solid  combustibles. 

It  presents  a  very  high  explosion  hazard,  particularly  In 
the  gaseous  state,  and  means  to  stabilize  It  have  not  been  found.  In 
the  solid  state  It  Is  black  with  a  violet  luster. 


Consequently,  all  of  these  oxidizers  are  dangerous  to  operate 
with  for  one  reason  or  another,  since  they  are  to  a  greater  or  lesser 
extent  poisonous  and  highly  Inflammable  (with  the  exception  of  tetra- 
nltromethane),  while  about  half  of  them  present  explosion  hazards. 
Liquid  oxygen  Is  the  safest  to  work  with  under  operational  condltftdas. 
All  the  oxidizers  with  the  exception  of  fluorine  decompose  at  ele¬ 
vated  temperatvo^e,  and  this  Is  their  principal  shortcoming. 


Zt  will  be  seen  from  ^ble  3.13  and  the  brief  chex*acterlzation 
of  the  oxidizers  given  above  that  the  first  five  oxidizers  are  liquids 
at  normal  temperature,  vdille  the  rest  are  gaseous. 

Gaseous  oxidizers  must  be  liquefied  for  operational  use.  The 
use  of  such  oxidizers  in  is  made  difficult  by  their  vldlent 
fuming  and  low  temperatures,  which  cause  freezing  of  engine  valves, 
hardening  of  rubber  gaskets  and  irubber-and^netal  parts.  Increased 
danger  of  cavitation  In  the  pumps,  etc. 

It  will  be  seen  from  Table  3.17  that  fuels  based  on  oxygen 
and  ozone  have  the  smallest  specific  gravities  (1.07-1.26)  while 
fuels  based  on  tetranitromethane  and  perchloric  acid  have  the  highest 
gravities  (1.48-1.31);  here,  the  specific  gravity  of  the  fuels  using 
these  oxidizers  varies  from  1.3  to  1.43. 

The  low-boiling  oxidizers  form  the  lightest  fuels  and  those 
with  the  highest  heating  values,  while  the  high-boiling  oxidizers 
form  the  heaviest  and  lowest-yleld  itiels.  However,  fluorine,  fluorine 
oxide,  and  nitrogen  trifluoride  form  heavier  fuels  than  do  nitric 
acid,  hydrogen  peroxide,  and  nitrogen  tetroxide. 

These  oxidizers  may  be  arranged  in  the  following  series  in 
order  of  increasing  heating  value  with  toluene:  nitric  acid,  hydrogen 
peroxide,  nitrogen  tetroxide,  perchloric  acid,  tetranitromethane, 
nitrogen  trifluoride,  fluorine  nitrate,  oxygen,  fluorine  peroxide, 
fluorine,  and  ozone. 

The  heating  value  of  a  fuel  based  on  perchloric  acid  and 
tetranitromethane  is  higher  than  that  of  an  oxygen- based  fuel,  but 
the  heating  value  with  nitric  acid  is  smaller  than  the  latter  by 
almost  l8^  (see  Table  3.l6).  Fuels  based  on  fluorine,  fluorine  oxide 
and  peroxide,  and  ozone  have  considerably  higher  heating  values. 


The  fuel  based  on  concentrated  hydrogen  peroxide  has  the 
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highest  gas  yield  and  the  lowest  combustlom  temperature;  It  Is 
followed  by  the  nltrlc-acld  based  fuel  (see  Table  3.l6).  Fuels  based 
on  perchloric  acid,  tetranltromethane,  and  nitrogen  tetroxlde  do  not 
differ  essentially  as  regards  their  gas  yields  and  conibustlon  tempera- 
tures. 

The  heat  yields  of  the  fuels  are  also  practically  Identical. 
Fuels  based  on  oxygen,  and  on  ozone  In  particular,  have  higher  com¬ 
bustion  teiiq;>eratures .  Obviously,  the  rather  high  efficiencies  of 
these  fuels  are  also  to  be  accounted  for  by  their  high  conibustlon 
temperatures,  which  are  extremely  favorable  for  operation  of  the 
engine  (for  cooling  it) .  This  also  applies  to  fluorine  and  fluorine- 
containing  oxidizers.  An  advantage  of  fluorine  over  oxygen  consists 
In  Its  high  activity  In  reactions  and  In  the  volatility  of  the 
fluorides,  which  Is  coupled  with  a  relatively  high  heating  value. 

It  Is  obvious  that  for  a  given  heating  value,  the  advantage 
will  lie  with  those  oxidizers  which,  all  other  things  equal,  produce 
fuels  with  the  highest  gas  yields  and  the  lowest  combustion  tenipera- 
tures.  Here,  however,  the  other  properties  of  these  oxidizers  that 
exert  considerable  Influence  on  their  selection  and  utilization  should 
not  be  overlooked. 

The  content  of  a  given  oxidizer  In  a  fuel  mixture  Is  usually 
high,  and  this  creates  difficulty  In  mixing  It  with  the  combustible 
In  the  Zt^  chamber.  In  this  respect,  the  low-bolllng  oxidizers  are 
superior,  since  they  evaporate  readily  and  quickly  fill  the  com¬ 
bustion-chamber  space. 

nie  efficiency  of  oxidizers  depends  to  a  considerable  degree 
on  the  combustible  matched  to  It.  For  preliminary  evaluation  of  the 
oxldiaer,  the  combustible,  and  the  fuel  as  a  whole.  It  Is  necessary 
to  take  Into  account  their  specific  gravities,  the  specific  thznist, 

-  257  - 


and  the  relative  fuel  load  in  the  missile's  tanks. 

Calculations  Indicate  that  when  kerosene  Is  used  as  the  com¬ 
bustible,  these  oxidizers  array  themselves  in  the  following  series 
in  order  of  increasing  relative  efficiency:  nitric  acid,  nitrogen 
tetroxlde,  hydrogen  peroxide,  perchloric  acid,  tetranltromethane, 
nitrogen  trifluorlde,  fluorine  nitrate,  fluorine,  ozone,  fluorine 
oxide,  and  fluorine  peroxide.  Mien  these  oxidizers  are  used  with  other 
combustibles,  the  efficiency  pattern  may  differ  slightly  from  that 
for  kerosene. 

Hydrocarbon  fuels  based  on  anhydrous  nitric  acid  and  hydrogen 
peroxide,  perchloric  acid,  nitrogen  tetroxlde,  tetranltromethane,  and 
nitrogen  trifluorlde  deliver  virtually  identical  specific  thrusts 
(with  kerosene,  about  27O-285  kg  of  thrust/kg  of  fuel/sec;  the  dif¬ 
ference  Is  less  than  6^) .  Oxygen,  fluorine,  and  fluorine  nitrate  used 
with  hydrocarbons  deliver  relatively  high  and  virtually  Identical 
specific  thrusts  (with  kerosene,  300-303  kg  of  thrust/kg  of  fuel/sec) . 

Among  the  oxidizers  that  are  liquid  at  normal  temperature?, 
nitric  acid  Is  of  the  greatest  importance,  since  It  Is  the  most 
readily  available  and  cheapest  product  of  the  chemical  Industry. 

It  works  satisfactorily  In  the  engines  with  nitrogen  oxides 
and  without  them,  both  with  ccxnbustlbles  that  are  autolgnltlng  on 
contact  and  In  nonhnpergollc  mixtures. 

The  basic  shortcomings  of  nitric  acid  are  as  follows: 

1)  the  relatively  low  specific- thrust  values; 

2)  Its  Inadequate  stability,  which  makes  It  difficult  to 
store  In  hermetically  sealed  tanks  on  board  the  corresponding  vehicle 
at  temperatures  from  30-60^C; 

3)  Its  excessively  high  freezing  point  (-41.3^  for  the  chemi¬ 
cally  pure  acid  and  -43  to  -43^C  for  98^  technical  nitric  acid). 


c 


which  excludes  or  severely  conqpllcates  Its  use  at  aniblent  tempera¬ 
tures  from  -50  to  -60°Cj 

4)  Its  high  aggressiveness  toward  metals,  which  necessitates 
using  stainless  steels  and  aluminum  alloys  with  it. 

It  Is  advisable  to  dissolve  more  efficient  hlgh-bolllng  oxl- 
dlsers  —  nitrogen  tetroxlde  and  pentoxlde  and  perchloric  acid  -  In 
nitric  acid  to  Improve  Its  quality. 

At  normal  teiqperature,  nitric  acid  becomes  saturated  with 
the  tetroxlde  at  52-54$^  by  weight.  The  specific-gravity  maximum  of 
the  solution  corresponds  to  42$^  of  nitrogen  tetroxlde  In  the  nitric 
acid,  but  this  solution  has  a  freezing  point  of  about  -20^C  and  a  low 
boiling  point  (29^C).  When  the  nitrogen  tetroxlde  content  In  the  solu¬ 
tion  Is  reduced,  the  freezing  point  is  depressed,  but  the  boiling 
point  remains  virtually  unchanged  (Table  5>l8)> 

To  produce  a  solution  with  a  freezing  point  above  -40®C, 
the  nitrogen  tetroxlde  content  In  the  nitric  acid  should  not  exceed 
359^  by  weight.  Here,  the  viscosity  of  the  solution  at  +20^0  is  1.6 
times  that  of  nitric  acid;  the  corresponding  factors  for  -20°C  and 
-40^C  are  4  and  12,  respectively. 

The  use  of  this  solution  with  kerosene  lAareases  by  2.6$t 
and  the  specific  gravity  by  3*8^,  which  corresponds  to  a  3-5J<  In¬ 
crease  In  the  fuel's  efficiency  as  compared  to  nitric  acid. 

The  basic  characteristics  of  an  oxidizer  composed  of  dOf( 

HNO^  (98)f  concentration)  plus  20f(  are  as  follows: 

1)  physical  properties  at  20^C:  specific  gravity  1.600  kg/ 
/liter,  kinematic  viscosity  5>8  cst,  heat  capacity  0.48  kcal/kg  ^C; 

2)  boiling  point  -148.6^0,  freezing  point  -6o^C,  decomposi¬ 
tion  at  about  158^0; 

3)  heat  of  evi^oratlon  at  temperatures  from  -60°C  to  +150^0, 
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177.2-152.5  kcal/lcg,  respectively. 


TABLE  5.18 


Characteristics  of  Nitric  Acid  Solutions  of 
T^troxi^  Standard  Pressure 


iSecoBoe  cojiepitaiiHCt  M 

4  Tetineparypa.  "C 

yxeaMul 
■«e  npN  ao”C 
7  **/-* 

•MthoU 

2K>MaOTW 

WUpfXMCMCII 

3 

gnHiainu 

0 

100 

-10.2 

82 

1.448 

M 

80 

-15 

33 

1.610 

« 

40 

-81.4 

27 

1.618 

90 

ao 

-60.5 

30 

1.607 

1.300 

ID 

10 

-73 

37 

00 

10 

—00 

30 

1.347 

too 

0 

-42 

87 

1.30S 

1)  Content  by  we^ht,  2)  nitric  acid;  3)  nitrogen  tetroxlde; 

4)  traperatwe,  JP;  5)  freezing;  6)  boiling;  7)  specific  gravity 
At  800e,  kg/i'Ater. 

More  efficient  fuels  are  based  on  nitrogen  tetroxlde  and 
tetranltromethane.  The  most  Important  shortcomings  of  these  oxidizers 
Include  the  low  boiling  point  of  nitrogen  tetroxlde  (+22.15°C)  and 
the  high  solidification  temperature  of  tetranltromethane  (-flS.S^C). 

In  practice,  therefore,  they  can  be  used  with  cooling  or  heating, 
respectively,  before  the  missile’s  tanks  are  fueled  with  them,  either 
In  the  form  of  solutions  In  one  another  or  In  solution  In  certain 
other  oxidizers.  The  use  of  tetranltromethane  In  Its  pure  form  Is 
also  restricted  by  the  explosion  hazard  which  It  presents  (the  deto¬ 
nation-propagation  velocity  attains  58OO  n^sec). 

Tetranltromethane  may  be  used  as  an  additive  to  c<»abustlbles 
with  the  object  of  Increasing  the  completeness  of  combustion  and 
raising  the  specific  gravity,  which  may  result  In  an  Increase  In  the 
and  efficiency  of  fuels  based  on  liquid  oxygen  or  oxygen  com¬ 
pounds.  The  content  of  this  substance  In  the  combustibles  may  attain 
large  values  and  Is  limited  only  by  the  explosiveness  of  the  solution 
In  the  working  temperature  Interval  (explosive  properties  are  not  ob- 
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8einr«d  below  of  tetranltromethane  In  kerosene  and  below  60J^  In 
benzene  and  ethyl  alcohol) . 

The  basic  advantage  of  hydrogen  peroxide  Is  Its  low  combus¬ 
tion  temperature,  and  that  of  perchloric  acid  Is  Its  high  specific 
gz^vlty  and  high  relative  activity  In  reactions  (Ignition  delay  one- 
tenth  that  observed  with  nitric  acid) .  However,  concentrated  hydrogen 
peroxide  has  a  high  freezing  point  (-9.4®C  at  a  90J<  concentration  by 
weight),  while  perchloric  acid  esqplodes  easily  at  concentrations 
above  72^. 

The  Injection  of  nlbrogen  pentbxide  (NgO^)  Into  nitric  acid 
In  quantities  up  to  30)^  depresses  Its  solidification  point  and 
raises  the  specific  gravity  of  the  solution;  then,  however,  the 
boiling  point  drops  considerably.  Moreover,  a  solution  of  the  pern 
toxlde  In  nitric  acid  with  a  20-30$^  concentration  by  weight  Is  not 
stable  enough  In  prolonged  storage  If  the  ainblent  temperature  Is 
above  zero. 

Solutions  of  perchloric  acid  In  nitric  acid  also  have  in¬ 
creased  specific  gravities;  the  activities  of  these  coiqposlte  oxldlaers 
and  the.  haatlng  values  of  fuels  based  on  them  are  also  higher,  but 
adequate  stud|r  has  not  yet  been  devoted  to  these  solutions.  It  Is 
obvious  that  solutions  containing  no  less  than  iSjf  of  perchloric 
acid  by  welid^t,  which  have  a  crystallization  temperature  of  -40^C  at 
this  concentration,  may  be  of  practical  laj^erest. 

The  relative  accessibility  and  low  cost  of  liquid  oxygen 
have  encouraged  Its  use.  In  its  liquid  form.  It  ciMsposes  no  less  than 
999^  by  volume  of  the  total  mass.  Liquid  oxygen  does  not  tolente 
mechanical  Impurities,  acetylene,  water,  oils,  etc.:  the  carbon- 
dioxide  content  In  one  liter  of  liquid  oxygen  tmy  not  exceed  8  cm^. 

The  most  efficient  among  the  oxidizert  not  containing  fluo- 
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rlne  Is  otone,  In  its  piire  form  and  as  an  additive  to  liquid  oxygen, 
but  Its  use  In  pure  form  Is  still  made  difficult  by  Its  Instability 
and  the  explosion  hazaanl  that  It  presents.  It  will  be  evident  that 
adding  less  than  20J^  by  weight  of  ozone  to  liquid  oxygen  does  not  give 
any  significant  Increase  In  the  efficiency  of  the  solution. 

The  basic  advantage  of  fluorine  over  oxygen  Is  Its  high  a>  tl 
activity  In  oxidation  reactions  and  the  high  volatility  of  the  fluo> 
rides.  However,  the  aggressiveness  of  fluorine  Is  still  an  obstacle 
to  Its  use  as  an  oxidizer  for  combustibles. 

The  utilization  of  fluorine  oxide  and  peroxide,  whose  boiling 
points  az^  high  and  whose  specific  thz*usts  exceed  those  developed  by 
fuels  based  on  liquid  oxygen.  Is  of  great  Interest.  These  oxidizers 
have  alsuast  identical  efficiencies  for  a  given  combustible.  It  will 
be  seen  that  fluorine  and  oxygen  fluorides  are  the  most  efficient 
among  the  oxidizers  under  discussion  here.  Fluorine  Is  more  stable 
than  ozone. 

The  following  conclusionsismybe  drawn  on  the  basis  of  the 
above  exposition. 

1.  The  following  oxidizers  are  best  adapted  for 

present  time  by  virtue  of  a  number  of  their  qtaalities:  nitric  acid, 
liquid  oxygen,  fluorine  oxide,  and  fluorine. 

2.  Hydrogen  peroxide  may  be  used  in  the  form  of  a  highly  con^ 
centrated  aqueous  or  nonaqueous  soluti<m  if  it  is  stabilized,  readily 
available,  and  inexpensive. 

3.  Tetranitromethane,  which  has  samy  good  operational  proper¬ 
ties  (high  specific  gravity,  higher-than-average  heating  value,  high 
boiling  point,  and  negligible  aggressiveness  toward  matals),  cannot 
be  \ised  in  its  pure  form  beoaxise  of  the  great  drawback  inhamit  in 
its  hi|^  melting  point  (+13*8^0) . 
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4.  Thft  use  of  anhydrous  perchloric  acid,  which  would  theoreti¬ 
cally  dellTer  sosiewhat  hi^^er  ^ud  than  nitric  acid,  in  its  piure  form 
is  impossible  in  practice  since  it  decomposes  rapidly  with  formation 
of  lower  oxides  of  c..lorine,  accumulation  of  which  results  in  explo¬ 
sion.  Moreover,  being  highly  hygroscopic,  it  absorbs  water  vigorously 
and  forms  the  solid  monohydrate  (HC1j^*H20)  with  a  melting  point  of 
+50^0,  which  may  foul  lines,  Jets,  and  various  other  units  of  the 
engine . 

5.  Nitrogen  tetroxide  may  be  used  as  a  self-sufficient  oxi¬ 
dizer  and  in  nitric-acid  solutions. 

6.  Fluorine  peroxide  has  no  Important  advantage  over  fluorine 
monoxide,  but  this  does  not  exclude  its  utilization  provided  that 
adequate  stabilization  is  ensured. 

7.  Some  oxidizers  will  be  used  more  frequently  in  practice 
as  their  production  is  developed  and  costs  atm  reduced;  this  applies 
primarily  to  perchloric  acid  and  liquid  ozone  when  the  problwas  of 
stabilizing  them  are  successfully  solved. 

SBCTIQN  12.  BASIC  CHARACTERISTICS  OF  ZhRD  FUELS 

Bach  coinbustlble  may  be  matched  with  an  oxidizer  which  en¬ 
sures  the  highest  possible  efficiency  from  the  fuel  that  they  form. 

Calculation  and  experiment  indicate*  that  cnnbustlbles  which 
are  highly  efficient  with  one  oxidizer  are  of  low  efficiency  with 
other  oxidizers  -  e.g.,  anzionia  is  inferior  to  kerosene  as  regards 
fuel  efficiency  when  used  with  oxygen,  ozone,  or  fluorine  oxide,  but 
It  provides  one  of  the  most  efficient  fuels  wh«i  used  with  fluorine. 
Liquid  oxygen  is  perfectly  suitable  for  coiriOustlon  of  alcohols  and 
their  solutions,  while  liquid  oxygen  and  nitric  acid  or  Its  solutions 
^iftspress-lnf ormati lya  AN  SSSR,  No.  32,  RT-94,  1957. 
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with  nitrogen  tetroxlde,  tetr^itromethane,  and  perchloric  acid  are 
useful  for  kerosenes  and  other  hydrocarbons. 

Calculations  indicate  that  the  most  efficient  fuels  from  the 
standpoint  of  flight  range  are  formed  by  the  low-bolllng  oxidizers 
and  the  least  efficient  fuels  by  the  high-boiling  oxidizers. 

Fuels  consisting  of  nitric  acid  and  hydrocarbons  or  amines, 
liquid  oxygen  and  aqueous  solutions  of  alcohols  are  being  used  success¬ 
fully  for  ZhBB  in  a  nuadier  of  countries. 

The  use  of  hydrocarbon  conibustibles  other  than  kerosene  that 
come  closer  to  meeting  the  specifications  set  forth  is  also  eiqpedlent 
for  noil* 

The  use  of  other  high- heat-yield  combustibles  is  Justified 
only  in  cases  where  it  is  necessary  to  obtain  a  very  high  specific 
thrust,  limit  the  missile's  fuel  load,  and  secure  a  high  flight  alti¬ 
tude  or  range. 

Fluorine  oxide  with  dlmethylhydrazine  and  fluorine  with  hydra¬ 
zine  are  most  efficient  and  promising  fuels.  When  hydrazine  and 
pentaborane  become  readily  accessible,  it  may  be  of  Interest  to  com¬ 
bine  them  with  nitric  acid  containing  nitrogen  oxides  as  an  additive. 
The  most  efficient  among  the  possible  combinations  of  the  fuel's 
o<»ponents  is  that  of  hydrazine  with  fluorine  oxide. 

The  use  of  fluorine  oxide  and  fluorine  results  in  a  oonsldez^- 
able  increase  in  flight  xenge  over  that  attainable  with  an  oxygen- 
kerosene  fuel.  However,  the  efficiency  advantage  of  these  oxidizers 
can  be  achieved  only  at  a  high  price,  since  their  operational  use  is 
not  only  relatively  difficult,  but  also  dangerous  as  a  result  of  the 
hif^  aggressiveness  and  toxidipy.  Moreover,  the  use  of  fluorine  oxi¬ 
dizers  requires  suooessful  solution  of  an  extrmsely  difficult  problem 
—  that  of  cooling  the  ohaMber  of  an  engine  operating  at  tagperatures 
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around  4000-4500®K. 

The  net  heating  value  of  these  fuels  is  •  15OO  to 
3600  kcal/kg,  specific  gravity  •  1.0  to  I.5  kg/llter,  and  the 
theoretical  specific  thrust  with  Pj^p^*  -  100  attains  ^  •  260 
to  380  kg  of  thrustAg  of  fuel/sec. 

Table  5.19  lists  approximate  theoretical  (calculated)  values 

of  the  combustion  tei!g)erature  Tj^.  ^  and  the  specific  thrust  ^  for 

certain  ZhRD  fuels  having  excess  oxidizer  ratios  a  >  0.8,  various 

« 

values  of  and  *  1  atmosphere  absolute,  while  Table  5.20  shows 
fipproxlmatea values  of  the  basic  characteristics  of  a  number  of  fuels 
with  Pjf/Py  ■  40/l  and  the  optimum  a. 

If  Py^,  Tj^,  and  the  other  characteristics  have  been  deter¬ 
mined  for  specified  values  of  p^,  and  a  for  a  fuel  whose  oxidizer 
Is  nitric  acid  of  a  specified  concentration  by  weight  in  one  case  and 
the  same  nitric  acid  with  nitrogen  tetroxlde  added  to  It  In  a  quantity 
X  >  35  or  40^  In  another  case,  the  above  characteristics  for  a  fuel 
consisting  of  the  same  combustible  and  an  oxidizer  In  the  form  of  a 
mlxtvu:*e  of  nitric  acid  and  nitrogen  tetroxlde  In  any  other  specified 
quantity  may  be  determined  with  an  accuracy  sufficient  for  practical 
purposes  by  the  linear  Interpolation  formula 

'  •  35V# 

Where  x  Is  the  quantity  of  nitrogen  tetroxlde  added  to  the  nitric 
acid  at  the  corresponding  concentration  by  weight  In  percent,  Is 
the  \inknown  characteristic  of  the  fuel  with  the  oxidizer  In  question, 
and  Nq  and  the  sasie  for  a  fuel  irtiose  oxidizer  Is  the  nitric 

acid  In  question  and  a  mixture  of  It  with  X  ■  35f(  by  weight  of  nitro¬ 
gen  tetroxlde,  respectively. 

Linear  Interpolation  sMy  also  be  employed  to  determine  the 
^liuhscrlpts:  k  -  k  -  kaswira  •  chamber;  s  -  v  >  vykhod  -  eacit.  ] 
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vasM  5.19 
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[Key  to  Table  5.19] 

1)  Fuel;  2)  combust ion- chamber  pressure  Pj^  in  atmospheres  absolute; 

3)  kerosene  +  965^  HNO^;  4)  kerosene  +  96^  HNO^;  5)  kerosene  +  805^ 
of  98j^  HNO^  and  20^  NgO^;  6)  kerosene  +  6o^  of  985^  HNO^  and  NgO^^; 
7)  Tonka- 250  +  985^  HNO^;  8)  Tonka- 250  +80^  of  98j^  HNO^  and  20$^  NgO^; 
9)  Tonka- 250  +  60J^  of  98j^  HNO^  and  40$^  NgO^^;  10)  kerosene  +  liquid 
Ogj  11)  93. 55^  CgH^OH  +  liquid  Og;  12)  kerosene  +  965^  tetranitro- 
methane;  13)  kerosene  +  96j^  NgO^^. 

^k.t“  ^k.t  “  ^kamera,  teoretlcheskly  “  "^chamber,  theoretical; 

P  =  P  *  P  =  P 

yfl.T  ud.t  udel'nyy,  teoretlcheskly  specific,  theoretical- 
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Approximate  Theoretical  Values  of  Characteristics  of  Certain  Foreign 
Fuels  for  p.  =  40  Atmospheres  Absolute  and  p  =  1  Atmosphere  Ab- 
***** _ solute  and  Optimum  Excess  Oxidizer  Ratios  a 
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5.3 

1)  Fuel;  2)  combustible;  3)  oxidizer;  4)  characteristics  of  fuel; 

5)  Xt  k^kg;  6)  kcal/kg;  7)  characteristics  of  combustion  pro¬ 
ducts  and  equilibrium  outflow  from  nozzle;  8)  Tj^  °K;  9) 

10)  T^^^,  ®K;  11)  12)  ^t*  kg-sec/kg;  I5)  specific 


areas  of  chamber  nozzle;  16)  f  . 
[Key  Cont'd.  next  page] 


2 

cm*^; 


17)  f, 


ud.kr.t* 


cm  ; 


18)  kero- 


*l Sul)scrlpts :yfl . B , T  =  ud.v.t  =  udel'nyy,  vykhod,  teoretlcheskly  = 
specific,  exit,  theoretical^^a.Kp.T  =  ud.kr.t  =  udel'nyy,  krl- 
ticheskly,  teoretlcheskly  =  specific,  critical,  theoretical.] 
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[Key  to  Table  5.20,  Cont’d.] 

sene  and  985^  nitric  acidj  19)  kerosene  and  60^  of  98j^  HNO^  +  N20^; 

20)  kerosene  «ind  liquid  oxygen;  21)  kerosene  and  fluorine  monoxide; 

22)  Tonka- 250  and  98j^  nitric  acid;  23)  Tonka- 250  and  6o^  of  985^ 

+  40^  of  NgO^^;  24  )  93.55^  ethyl  alcohol  and  liquid  oxygen;  25)  methyl 

alcohol  and  liquid  oxygen;  26)  isotropic*  alcohol  and  liquid  oxygen; 
27)  hydrazine  and  liquid  oxygen;  28)  hydrazine  and  liquid  fluorine; 

29)  hydrazine,  nitrogen  trlfluorlde;  30)  hydrazine  and  chlorine  trl- 
fluorlde;  31)  dlmazlne  (DMO)  and  liquid  oxygen;  32)  dlethylamlne  and 
fluorine  monoxide;  33)  ammonia,  NH^  and  liquid  fluorine;  34)  50^(  NH^ 

+  505^  NgH^i  and  liquid  fluorine. 

characteristics  of  a  fuel  whose  combustible  is  ethyl  alcohol  at 
various  concentrations  by  weight  or  a  mixture  of  two  different  com¬ 
bustibles  . 

Free  radicals  (H,  N,  CH,  NH,  OH,  and  others)**  may  be  regarded 
as  promising  fuels  for  ZhgD  in  the  next  ten  years;  these  are  elec¬ 
trically  neutral  fragments  obtained  from  ordinary  chemical  gas  mole¬ 
cules  as  a  result  of  their  dissociation  at  high  tenqperatures . 

Free  radicals  are  electrically  neutral  particles  with  char¬ 
acteristic  unpaired  electrons  in  their  outer  shells,  a  result  of 
which  is  that  they  possess  an  exceedingly  strong  tendency  to  recom¬ 
bine  with  liberation  of  large  quantities  of  energy,  basically  in  the 
form  of  heat  and  partially  in  the  form  of  light.  It  is  customary  to 
refer  to  them  as  metastable  substances,  l.e.,  substances  that  are  in 
a  stage  of  pseudoequilibrium,  so  that  the  energy  content  associated 
with  them  considerably  exceeds  the  energy  content  characteristic  for 
the  equilibrium  state  of  the  gas  molecule  in  question. 

A  particularly  large  quantity  of  heat  may  be  liberated  on 
recombination  of  atomic  hydrogen  (Table  5.21). 

^i^ranslator *8  note:  Russleui  izotropnyy.  Isotropic,  is  presumably 
an  error  for  izopi*opilovyy .  isopropyl.  ] 

**Sk8pre88-lnfonnat8iya  AN  SSSR,  No.  8,  RT-22,  1938. 
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TABLE  5.21 


1 

PaxHKU 

dHcpma  peK0M6HHauMH 
2  KKOAjM 

SKBHUaeHTHU  CKO* 

^  pocTb  ■creatnM 

3  MiCtK 

H 

52300 

21000 

CH 

10600 

9300 

N 

.  8200 

8200 

NH 

'  5300 

6600 

l)  Radical;  2)  energy  of  recombination,  kcal/kg;  3)  equivalent  exhaust 
velocity,  m/aec. 

However,  the  total  energies  Indicated  for  the  radicals  In 
Table  5.21  cannot  be  realized  because  of  the  fact  that  the  recom¬ 
bination  reactions  (e.g.,  for  atomic  hydrogen  H  +  are  actually 

reversible  and  can  proceed  to  completion  only  at  very  high  pressures. 

At  a  pressure  of  50  atmospheres  in  the  chamber,  only  50^  of 
the  hydrogen  atoms  will  recombine  as  the  temperature  rises  up  to 
nearly  5500^0,  but  the  equilibrium  exhaust  velocity  may  be  of  the 
order  of  15»000  nv^sec  with  a  nozzle  expansion  ratio  of  100:1. 

It  Is  possible  to  decompose  molecular  hydrogen  or  nitrogen 
Into  Its  atoms  in  a  hlgh-temperature  electric  field  with  subsequent 
freezing  to  a  temperature  close  to  absolute  zero  (5-30®K)  before 
recombination  begins,  since  monatomic  gases  can  exist  for  less  than 
a  thousemdth  of  a  second  in  the  xinfrozen  state.  The  free  radicals 
obtained  In  this  way  can  be  stored  for  as  long  as  several  hours .  In 
general,  however,  development  of  reliable  methods  for  stabilizing 
free  radicals  requires  much  additional  research. 

Concentrations  of  at  least  10$^  are  required  for  practical 
utilization  of  free  radicals  in 

The  feasibility  of  producing  and  storing  free  radicals  on  a 
large  scale  Is  still  problematical  as  a  result  of  their  extremely 
high  cost  and  the  danger  of  working  with  them. 
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It  will  probably  be  impossible  to  use  free  radicals  as  fuels 
until  ways  have  been  found  to  stabilize  them  without  recourse  to  the 
extremely  low  temperatures  and  very  low  pressures  at  which  they  can 
be  produced.  Another  difficulty  in  the  utilization  of  free  radicals 
in  ZhRD  consists  in  selecting  materials  for  the  chamber  that  will  be 
capable  of  withstanding  the  infernal  temperatures cf  their  recombina¬ 
tion  . 

SECTION  13.  METHODS  OP  IMPROVING  THE  QUALITY  OP  ZhRD  FUELS 

The  operational  qualities  of  fuel  components  can  be  improved 
in  the  following  ways: 

1)  lowering  the  melting  points  of  easily  solidified  fuel  com¬ 
ponents  by  adding  other  substances  to  them; 

2)  chemical  purification  to  remove  undesirable  impurities 
from  the  fuel; 

3)  stabilizing  unstable  fuel  components  to  prevent  their  de¬ 
composition  or  autolgnltlon  on  contact  with  atmospheric  air; 

4)  activating  fuel  components  by  introducing  special  ignition 
and  combustion  catalysts  into  them; 

5)  "inhibiting”  the  fuel  con5)onents  with  the  object  of  re¬ 
ducing  their  corrosive  aggressiveness  toward  the  metals  of  the  engine 

6}  introducing  suspensions  of  metals  and  solutions  of  hlgh- 
efficlency  additives  with  the  object  of  raising  specific  gravity  and 
specific  thrust; 

7)  supercooling  the  fuel  components  before  running  them  into 
the  fuel  tanks,  with  the  object  of  raising  their  specific  gravities 
and,  consequently,  "packing”  the  fuel  components  more  tightly  into 
the  taiUcs,  etc. 

The  overwhelming  majority  of  autolgnltlng  fuel  conqponents  are 
characterized  by  considerable  ignition  delays;  this  applies  to  both 


nmm  »i|hi » -  mf*  * 


the  oxidizer  and  the  combustible. 

Examples  of  oxidizer  activation  are: 

1)  nitric-acid  solutions  of  nitrogen  tetroxide  (up  to  30- 
355^  by  weight)  and  nitrogen  pentoxide; 

2)  nitric-acid  solutions  (up  to  25J^)  of  perchloric  acid  (70^ 
concentration  by  weight); 

3)  solution  of  up  to  of  ferric  chloride  (PeCl^)  in  nitric 

acid,  so  that  the  melting  point  of  the  oxidizer  is  also  depressed 
(trom  42^0  [aio]  for  nitric  acid  to  30^0  (sic]  for  the ' rotul ting  oxi¬ 
dizer  aolutlon); 

4)  solution  of  hydrogen  fluoride  (HP)  in  the  nitric  acid  to 
reduce  corrosion  of  the  aluminum  alloys  and  stainless  steels; 

5)  solution  of  up  to  10-505^  of  sulfuric  acid  (HgSO^^)  in 
nitric  acid;  this  reduces  the  ignition  delay  of  the  combustible 

and  simultaneously  reduces  the  aggressiveness  of  the  oxidizer  toward 
the  metals  of  the  engine; 

6)  solution  of  about  0.55^  by  weight  of  potassium  permanganate 
(KMnOj|)  in  the  nitric  acid;  nitric  acid  must  be  thus  enriched  before 
it  is  fed  into  the  combustion  chamber,  since  its  activity  declines 
after  2-3  min  (for  this  reason,  it  is  necessary  to  Install  a  special 
activator  device  in  the  system) . 

Elements  with  low  heating  values  such  as  iron,  copper,  cadmium, 
sodium,  etc.,  may  also  be  included  among  the  combustion-process  cata¬ 
lysts'  that  are  added  to  fuel  components. 

The  specific  gravities  of  high-boiling  and  low-boiling  oxi¬ 
dizers  and  combustibles  may  be  raised  considerably  by  cooling  to  tem¬ 
peratures  at  which  they  are  still  in  the  liquid  state  and  have  accept¬ 
able  viscosities.  In  the  case  of  the  low-boiling  components,  it  is 
also  possible  to  achieve  a  drastic  reduction  in  the  loss  of  expensive 
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fuel  con^jonents  by  evaporation,  as  well  as  to  Improve  safety  condi¬ 
tions  in  work  with  them. 

SECTION  14.  SELECTION  OP  FUEL  COMPONENTS  FOR  ENGINE  IN  DESIGN  STAGE 

Rational  selection  of  fuel  components  for  a  ZhRD  that  is  be¬ 
ing  designed  is  an  extremely  In^ortant  stage  in  this  design  process. 
As  noted  earlier,  the  type  of  fuel  determines  the  type  of  engine,  Its 
design,  economy,  and  operational  reliability.  In  all  cases,  the  fuel 
must  be  selected  with  an  eye  to  the  specific  conditions  under  which 
the  engine  will  be  used. 

The  following  factors  must  be  taken  into  account  at  the  out¬ 
set  in  selecting  fuel  components  for  an  engine  in  the  planning  stage. 
Function  of  the  Weapons  System 

The  conditions  under  vrtiich  the  engine  and  the  rocket  operate 
require  that  the  fuel  possess  physical  and  chemical  stability  (which 
will  permit  storage  of  the  fuel  components  for  prolonged  periods 
without  special  precautionary  measures),  a  high  boiling  point,  and 
a  low  solidification  temperature.  The  fuel  should  not  be  toxic  and 
should  not  be  aggressive  with  respect  to  the  materials  of  the  engine. 
Furthermore,  the  cost  of  the  fuel  should  be  low. 

For  antiaircraft  missiles,  the  fuel  must  first  be  run  Into 
the  tanks  and  stored  there  for  prolonged  periods.  Such  properties 
as  rapid  evaporation,  corrosive  action  on  the  metal  of  the  tanks, 
tendency  to  decompose,  etc.,  prevent  the  utilization  of  many  fuel 
components  for  these  purposes.  The  use  of  liquefied  gases  as  oxi¬ 
dizers  in  the  engines  causes  freezing  of  valves  and  hardening  of 
rubber  gasket  sleeves  and  z*ubber-and-metal  parts . 

Liquefied  oxidizers  can  be  used  successfully  In  the  engines 
of  long-range  missiles,  which  are  usually  launched  from  rear  areas 
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where  there  is  an  opportunity  to  fill  the  fuel  tanks  with  rapidly 
evaporating  fuel  components  before  launching. 

At  the  present  time,  liquid  oxygen  Is  used  for  long- 
range  missiles,  chiefly  because  of  Its  relative  availability  and 
low  cost. 

Oxygen  can  be  produced  on  the  spot  by  mobile  generators, 
so  that  It  Is  cheaper  than  other  oxidizers.  It  can  be  stored  for 
long  periods  in  thoroughly  Insulated  tanks  without  creating  a 
danger  of  autodetonation  or  boiling  out  to  any  significant  degree. 
It  Is  nontoxic  and  does  not  autolgnlte  In  the  presence  of  organic 
materials. 

However,  the  low  tengperature  of  liquid  oxygen  Imposes 
certain  limitations  on  the  selection  of  materials  for  the  engine 
because  of  cold- shortness  phenomena  —  as  Is  the  case  with  other 
low-bolllng  oxidizers  (fluorine,  fluorine  oxides,  nitrogen  trl- 
fluorlde,  ozone) .  At  the  temperature  of  liquid  oxygen,  the  Imk 
pact  strengths  of  carbon  and  medium-alloy  steels,  magnesium, 
zinc,  and  their  alloys  drop  to  an  intolerably  low  level. 

Practical  Possibility  of  Economical  Use  of  the  Fuel  In  the  Engine 

At  the  present  time,  certain  fuels  which  deliver  high 
heating  effects  are  not  used  in  practice  because  of  the  very 
high  temperatures  that  they  develop  In  the  engine's  combustion 
chamber,  which  make  it  impossible  to  cool  the  engine  conveniently 
and  reliably.  Kerosene  with  liquid  oxygen  and  other  combinations 
of  combustibles  and  oxidizers  are  among  the  fuels  that  have  not 
yet  come  into  extensive  use  for  this  reason. 

Among  other  things,  the  use  of  fluorine  oxldlsers  re¬ 
quires  successful  solution  of  the  extremely  difficult  problem  of 
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engine-chamber  cooling  when  the  temperature  of  the  products  of  com¬ 
bustion  is  of  the  order  of  4000-4500°K. 

Puel-con5)onent  pairs  that  meet  operational-economy  require¬ 
ments  in  the  engine  may,  in  certain  cases,  be  found  unsuitable  due  to 
their  nonconformity  to  some  other  specification  set  forth  for  ZhRD 
fuels . 

The  thermodynamic  characteristics  of  different  fuels  must  be 
compared  for  Identical  and  fully  defined  combustion  conditions  in 
the  engine. 

Dynamics  of  the  Combustion  Process  of  the  Fuel  in  the  Engine 

One  of  the  basic  parameters  characterizing  a  given  pair  of 
fuel  components  is  the  engine's  operating  economy  using  these  com¬ 
ponents,  which  is  usually  characterized  by  the  internal  efficiency 
o  r  specific  thrust . 

A  number  of  considerations  of  a  practical  nature  frequently 
make  it  necessary  to  employ  not  those  fuel- component  pairs  which 
would  be  best  from  a  purely  thermodynamic  standpoint,  but  only  those 
combinations  which  are  most  suitable  in  practice. 

The  fuel  must  make  it  possible  to  secure  a  sufficiently 
stable  combustion  process  in  the  chamber,  without  pressure  pulsations 
in  the  combustion  products,  which  sometimes  set  up  intolerable 
vibrations  in  the  engine. 

Certain  conditions  which,  as  a  rule,  involve  complicating 
the  design  of  the  engine  emd  increasing  its  weight,  particularly  in 
its  fuel-supply  system,  are  necessary  to  ensure  sufficiently  stable 
performance  of  the  engine  and  to  prevent  sharply  expressed  pulsation 
in  combustion  of  the  fuel  in  the  chamber.  In  a  number  of  cases,  this 
circumstance  makes  it  necessary  to  enqploy  fuel  components  that  ensure 
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a  stable  combustion  process  in  the  engine  when  its  operation  is  either 
throttled  or  augmented. 

Specifications  Set  Forth  for  2bBD  Fuel 

Fuel  components  can  be  selected  properly  and  used  efficiently 
only  provided  that  their  characteristic  properties  and  operational 
and  other  singularities  have  been  taken  into  account. 

Selection  of  the  oxidizer  for  the  combustible  presents  the 
greatest  difficulty,  since  many  known  oxidizers  have  low  activities 
in  chemical  reactions  and  are  unstable,  aggressive  toward  the  mate¬ 
rials  of  the  engine,  poisonous,  and  expensive. 

Highly  Important  factors  determining  the  operational  viability 
of  fuel  components  are  their  solidification,  boiling,  and  combustion 
temperatures,  heat  capacities,  thermal  conductivities,  and  specific 
gravities.  Also  of  great  ln?)ortance  is  the  possibility  of  using  one 
or  both  of  the  fuel  components  to  cool  the  engine  chamber  and  nozzle. 

A  fuel  that  delivers  a  relatively  low  specific  thrust  but 
possesses  a  high  specific  gravity  may,  in  certain  cases,  by  found 
superior  as  regards  its  over-all  characteristics  (flight  effective¬ 
ness  of  the  missile)  to  a  fuel  that  delivers  a  high  specific  thrust; 
having  been  found  optimal  for  missiles  with  one  tactical  mission, 
it  may  be  con^letely  unsuitable  for  a  missile  with  a  different  mis¬ 
sion. 

In  evaluating  a  missile  fuel,  therefore,  the  basic  criterion 
is  not  exhaust  velocity,  but  primarily  the  specific  gravity  or  the 
volume  specific  thrust,  which  is  the  product  of  the  specific  thrust 
by  the  specific  gravity  of  the  fuel. 

!Hie  specific  gravity  of  the  fuel  exerts  its  primary  in¬ 
fluence  on  the  weight  of  the  fuel  tanks  and  the  dimensions  and  weight 


Pig.  5.13.  Approximate  theoretical  values  in  tons  — 
from  specifications  of  the  A-4  missile—  of  engine 
thrust  Pq,  missile  launching  weight  Gq,  and  tank 

fuel  load  0^  to  obtain  the  required  flight  velocity 

Vn  at  the  end  of  the  powered  trajectory  with  a 

one-ton  payload,  a  launching  angle  B  =  45°  with 
respect  to  the  vertical  at  a  certain  altitude, 
and  different  fuel  specific  gravities  and 
nozzle  exhaust  velocities  w^^.*  A)  w_-;^B)  kn/sec; 
0)  \on- 


Of  the  engine's  fuel-supply  system  and,  consequently,  on  the  velocity 
Vkon  missile  at  the  end  of  Its  powered  trajectory.  In  each 

individual  case,  therefore,  we  must  seek  a  compromise  solution  with 
regard  to  the  exhaust  velocity  w^^  of  the  gases  leaving  the  chamber 
nozzle  (specific  thrust)  and  the  specific  gravity  y^  of  the  fuel; 
as  we  know,  this  interrelationship  varies  in  accordance  with  the 
range  of  under  consideration. 

For  small  ^kon  ^  ~  ^  km/sec).  It  Is  better  to  Increase  y^  than 
Wef  This  Is  what  accounts  for  the  preference  given  to  nitric  acid 
as  an  oxidizer  for  short-range  and  antiaircraft  missiles.  With  high 
Vkon  (  kin/sec),  an  Increase  in  the  exhaust  velocity  from  2  to 
3  knv/sec  is  many  times  more  effective  them  a  similar  Increase  in 

the  fuel  specific  gravity  (Pig.  5.13).  For  this  reason,  the  starting 

*[ Subscripts:  t  =  t  =  toplivo  *  fuel;KOH  =  kon  =  konechnyy  =  end, 
terminal,  final;  =  ef  =  effektlvnyy  =  effective.] 
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^  I  t  t  WKM/ceif  B 

It  Is  possible  at  the  present  time 
Pig.  5.14.  Approximate  calcu-  .  . .  ^ 

lated  values  (from  spec If lea-  attain  exhaust  velocities 

tlons  of  A-4  missile)  of  flight  ^  ^  ^  i. 

range  L  for  optimum  climbing  around  3  km/sec.  In  the  future, 

angle  (with  respect  to  the  vertl-  .. 

cal)  e.  at  the  end  of  the  powered  exhaust- velocity  range  from  3 


figure  In  the  design  of  high- 
thrust  missiles  should  be  an  ex¬ 
haust  velocity  higher  than  3  km/sec 
Exhaust  velocities  are 
still  falling  far  short  of  the  prac. 
tlcally  possible  limit  (4.5  knv/sec) 
It  Is  possible  at  the  present  time 
to  attain  exhaust  velocities 
around  3  km/sec.  In  the  future, 


at  tne  ena  oi  tne  power 
trajectory  and  different  values 
of  the  relative  fuel  reserve 
a  In  the  tanks  and  the  gas- 
exhaust  velocity  Wg^  from  the 

chamber  nozzle.  A)  Kfti; 

B)  kin/sec. 


to  4  km/sec  will  be  of  Interest 
from  the  standpoint  of  obtaining 
the  necessary  this  will  make 

It  possible  to  design  smaller  mis¬ 


siles  with  relatively  higher  payloads.* 

The  Influence  of  exhaust  velocity  and  the  relative  fuel  re¬ 
serve  a  In  the  missile's  tanks  on  the  range  L  Is  shown  In  Pig.  5.14. 


Calculations  Indicate  that  as  the  relative  fuel  reserve  on 


board  the  missile  Is  Increased,  the  Influence  of  specific  gravity  on 
the  range  becomes  weaker  and  the  Influence  of  the  engine's  specific 
thrust  becomes  more  pronounced. 

As  we  know,  the  use  of  multi-stage  missiles  Is  a  more  ef¬ 
ficient  way  to  Increase  flight  velocity  and  range  than  the  use  of 
more  expensive  fuel  conqponents  In  single-stage  missiles. 

In  multi-stage  missiles.  It  Is  expedient  to  use  a  fuel  with 
a  high  specific  gravity  In  the  first  stage,  even  though  It  may  have 
a  smaller  specific  thrust,  and  a  fuel  that  possesses  a  high  specific 
thrust  coupled  with  a  relatively  low  specific  weight  In  the  remaining 
•^^os^L^aketnoy  tekhnlkl  (Problems  of  Rocket  Engineering),  No.  5, 
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stages  of  this  missile,  since  the  specific  gravity  will  now  be  a 
secondary  factor. 

The  use  of  a  dense  fuel  to  operate  the  engine  at  the  begin¬ 
ning  of  a  missile  flight  makes  it  possible  to  minimize  the  dimensions 
of  the  missile.  However,  practical  considerations  may  sometimes  com¬ 
pel  us  to  select  a  cheap  fuel  with  a  low  specific  gravity  for  the 
engine,  since  the  over-all  cost  of  the  launching  (missile  plus  fuel) 
may  then  be  lower,  despite  the  fact  that  the  dimensions  and  cost  of 
the  missile  itself  will  be  relatively  higher. 

The  use  of  expensive  fuels  that  deliver  high  thrusts  for  the 
first  stage  of  a  missile  may  not  always  be  Justified:  even  though  in 
this  case  the  dimensions  of  the  fuel  tanks  and  the  weight  of  the  mis¬ 
sile  may,  all  other  conditions  remaining  the  same,  be  reduced,  the 
total  cost  of  the  launching  will  be  higher  as  a  result  or  the  high 
fuel  cost.  The  use  of  such  fuels  is  still  efficient  for  the  second 
and  third  stages  of  the  missile,  where  the  high  cost  of  the  fuel 
is  conpletely  offset  by  the  reduction  of  the  dimensions,  wtlght, 
and  cost  of  the  latter  stages  of  the  missile. 

VThen  the  appropriate  precautionary  measures  are  taken,  the 
toxicity  of  an  exotic  fuel  component  may  not  represent  an  obstacle 
to  its  use.  Under  operational  conditions,  the  toxic  effects  of  oxi¬ 
dizers  and  combustibles  are  manifested  primarily  when  their  vapors 
are  Inhaled  with  air,  with  irritation  of  the  mucous  membranes  of  the 
respiratory  tract  as  the  first  symptom.  !I1ie  following  concentrations 
of  their  toxic  vapors  in  mg/liter  of  air,  which  have  been  adopted 
in  Industry  as  the  permissible  maxima  for  prolonged  inhalation,  may 
serve  as  an  index  to  the  toxicitles  of  these  substances: 


fluorine  monoxide 
ozone 

tetranltromethane 
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0.00001 

0.0001 

0.005-0.001 


c 


t 


fluorine  and  chlorine  0.001 

sulfuric  acid  0.002 

hydrogen  peroxide  and  nitric  acid  with 

nitrogen  oxides  0.005 

oxygen  700 

pentaborane  emd  nitrobenzene  0.00001 

nltrotoluene,  aniline,  and  xylldene  0.005 

anmonla  0.02 

methyl  alcohol  0.05 

benzene  and  toluene  0.1 

propyl  alcohol  0.2 

kerosene,  gasoline,  and  turpentine  0.3 

ethyl  alcohol  1.0 


Fluorine  monoxide  and  ozone  have  the  highest  toxlcltles;  they 
are  more  toxic  than  phosgene  and  prussic  acid,  for  which  the  maximum 
permissible  vapor  concentrations  In  the  air  are  0.0004  and  0.0003  mg/ 
/liter,  respectively.  The  combustibles  pentaborane  and  nitrobenzene 
are  also  highly  toxic. 

Dangerous  concentrations  of  poisonous  vapor  In  the  air  are 
developed  easily  In  using  low-bolllng  oxidizers,  which  possess  high 
volatilities  and  vapor  pressures  under  standard  conditions. 

Precautionary  measures  to  be  taken  in  handling  the  corre¬ 
sponding  toxic  substances  are  always  spelled  out  by  the  special  In¬ 
structions  . 


SECTION  15.  USE  OP  ATOMIC  ENEROY  IN  ROCKET  ENGINES* 

The  probable  specific-thrust  limit  that  can  be  obtained  from 
2t£e  operating  on  chemical  fuels  at  the  surface  is  no  higher  than 
400-450  kg-sec/kg  with  combust Ion- chamber  temperatures  about  4000- 
4500°c.  In  this  case,  It  will  be  necessary  to  use  as  fuel  con^onents 
esqpenslve  and  difficult- to- produce  combustibles  and  fluorine  oxidizers 
which  are  con^llcated  to  work  with  because  of  their  high  aggressive¬ 
ness  and  toxicity.  The  use  of  such  exotic  fuel  components  In  ZhRD 
will  require  successful  solution  of  a  number  of  extremely  difficult 
problems  Involved  in  the  design  of  an  engine  that  will  operate  re- 
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llably.  The  problem  of  cooling  the  engine's  combustion  chamber  and 
nozzle  Is  paiiflcularly  complex. 

Conversion  to  nuclear  energy  sources  with  the  object  of  in¬ 
creasing  the  specific  thrust  of  a  rocket  engine  Involves  even  greater 
difficulties  and  danger  for  the  servicing  personnel.  Appropriate 
wai*nlng  systems  and  protective  devices  must  be  used  if  nuclear 
energy  is  to  be  employed  with  safety.  Nevertheless,  the  use  of  atomic 
energy  in  rocket  engines  is  highly  promising. 

In  tnls  case,  it  is  necessary  to  deal  with  enormous  quanti¬ 
ties  of  energy  coming  from  sources  having  very  small  mass.  It  may 

7 

be  assumed  in  approximation  that  almost  1*10  times  the  amount  of 
energy  liberated  on  combustion  of  one  kg  of  the  chemical  fuel  having 
the  highest  heating  value  is  liberated  on  fission  of  the  atoms  in 
one  kg  of  uranlum-235.  V/hen  such  a  highly  concentrated  energy  source 
is  enqployed  in  rocket  engines,  it  will  be  possible  in  practice  to 
attain  exhaust  velocities  above  10,000  nv/sec. 

When  nuclear  energy  is  used,  the  reaction  thrust  may  be 
obtained  as  a  result 

1)  of  direct  outflow  through  the  reactor  nozzle  of  a  Jet 
of  fission  products  from  the  atoms  of  the  active  material  (e.g., 
uranluin-235,  plutonium- 239 »  etc.); 

2)  of  outflow  of  some  gaseous  mass  vehicle  (hydrogen,  helium, 
ammonia,  etc.)  through  the  reactor  nozzle  after  heating  by  the  ther¬ 
mal  energy  liberated  on  fission  of  atoms  of  a  radioactive  material; 

3)  of  outflow  of  electrically  charged  particles  —  the  ions 
of  some  mass  vehicle  (cesium,  rubium'^,  etc.)  under  the  Influence  of 
an  electric  field  after  they  have  been  produced  by  the  use  of  nuclear 
energy . 

*l Translator 's  note:  presumably  an  error  for  rubidium.] 
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Applications  of  atomic  energy  taking  the  form  of  direct  expul¬ 
sion  of  the  actual  products  of  fission  of  the  atoms  (photons)  to 
produce  thrust  are  not  feasible  at  the  present  time.  If,  however, 
it  were  possible  to  achieve  practical  mastery  of  this  method  of  using 
atomic  energy,  it  would  be  possible  to  obtain  engine  specific  thrusts 
almost  1000  times  higher  than  those  attainable  with  ordinary  chemi¬ 
cal  Zh^,  since  according  to  Einstein’s  law  of  conservation  of  equivaf 
lence  between  energy  and  matter,  the  maximum  exhaust  velocity  of  the 

atomic  fission  products  has  as  its  possible  limit  the  velocity  of 

o 

light  in  a  vacuum  (3*10  nv/sec) .  Such  processes  are  already  known  — 
e.g.,  transformation  of  an  electron  and  a  positron  into  a  photon.  In 
nuclear  processes,  we  observe  the  disappearance  of  the  electron- 
positron  pair  and  the  appearance  of  gamma-quanta;  however,  this 
phenomenon  cannot  yet  be  realized  on  a  large  scale  for  use  in  engin¬ 
eering.  Engines  using  this  type  of  reaction  will  probably  develop 
the  ultimate  specific  thrusts.  With  the  nuclear  energy  used  in  this 
way,  however,  the  temperature  in  the  reactor  chamber  would  be 
phenomenally  high,  approaching  the  temperatures  attained  in  explo¬ 
sion  of  nuclear  bombs.  For  this  reason,  it  is  naturally  still  im¬ 
possible  to  produce  such  an  engine  in  practice. 

The  atomic  rocket  engine  most  easily  realized  in  practice 
is  that  type  in  which  the  working  fluid  [mass  vehicle]  is  heated  by 
atomic  energy  produced  in  the  reactor  by  fission  of  molecules  of  solid 
uranium  or  plutonium  rods  (Pig.  5.15). 

In  such  an  engine,  a  liquid  mass  vehicle  may  be  pumped  from 
the  tanks  into  the  engine's  so-called  heterogeneous  solid-phase 
reactor,  where  it  is  heated,  and  then  flow  out  into  the  environment 
through  an  expanding  nozzle  similar  to  the  type  used  in  an  ordinary 
operating  on  chemical  fuels.  This  mass  vehicle  can  also  be  used 
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Pig.  5.15.  Diagram  of  atomic 
react ion- thrust  engine  with 
liquid  heat  carrier,  l)  Tank 
for  heat  carrier;  2)  p\anp; 

3)  rods  for  control  of  work¬ 
ing  process  in  reactor; 

4)  reactor;  5)  device  for 
control  of  heat  carrier; 
supply  to  reactor;  6)  throt¬ 
tling  regulator;  7)  punp- 
unlt  turbine. 


prior  to  pumping  into  the  reactor  for 
purposes  of  cooling  the  reactor  (cham¬ 
ber)  Itself  and  its  nozzle.  In  an 
atomic  rocket  engine  of  this  type, 
the  specific  thrust  is  directly  pro¬ 
portional  to  the  tenq)erature  to  which 
the  mass  vehicle  is  heated  in  the 
reactor  and  Inversely  proportional  to 
the  molecular  weight  of  this  vehicle. 
This  means  that  efficient  operation 
of  such  a  thermal  atomic  engine,  l.e., 
securing  the  highest  possible  exhaust 
velocities  (specific  thrusts),  re¬ 
quires  that  the  molecular  weight  of 
the  mass  vehicle  be  as  low  as  possible 
and  that  it  be  heated  to  the  highest 
possible  temperature  in  the  reactor. 


The  temperature  to  which  the  working  fluid  is  heated  in  the 
reactor  and,  consequently,  its  exhaust  velocity  will  depend  on  how 
much  of  the  nuclear  fuel  is  used  in  heating  the  unit  weight  of  the 
mass  vehicle  at  a  given  efficiency  (Table  3.22). 

The  figures  in  this  table  Indicate  that  the  exhaust  velocity 
of  the  mass  vehicle  from  the  reactor  nozzle  Increases  in  proportion 
to  the  quantity  of  atomic  fuel  used  in  heating  a  unit  of  this  vehicle 
to  a  given  temperature. 

Since  the  cost  of  atomic  fuels  is  high,  it  would  be  expedient 
to  produce  the  highest  possible  exhaust  velocity  from  the  reactor 
nozzle  in  the  thermal  nuclear  rocket  engine. 

However,  the  mass-vehicle  teiig)erature  developed  in  the  reactor 
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TABLE  5.22 


Calculated  (Theoretical)  Nozzle  Exhaust  Velocities 
of  Oas  for  Atomic-Engine  Reactor  as  a  Function  of 
the  Ratio  of  Atomic  Fuel  (Plutonlum-239)  to  the 
Mass  of  the  Working  Fluid  with  the  Energy  Utilized 

at  50^  Efficiency 


Gtopocn  Mcre^cMM 

1  MJCtM 

1 

OTHomeHHe  mecu  aTOHNore 
ropioiero  k  miccc  paOoaero 

2 

10000 

1 

1000 

1/100 

100 

1/10000 

10 

% 

1/1000000 

l)  Exhaust  velocity,  n/aec;  2)  ratio  of  mass  of 
atomic  fuel  to  mass  of  working  fluid. 


presents  a  practical  limiting  factor  in  raising  the  exhaust  velocity. 
When  the  working  fluid  is  heated  in  heterogeneous  nuclear  reactors, 
its  temperature  may  not  exceed  the  melting  point  of  the  solid  radio¬ 
active  substance  used  as  the  source  of  nuclear  energy  nor  the  safely 
admissible  temperature  of  the  reactor's  shell. 

Ihe  upper-limit  melting  point  for  uranium  is  about  1130°C, 
while  the  safely  permissible  temperature  for  the  best  materials  that 
can  be  used  at  the  present  time  for  fabrication  of  the  reactor's 
inner  shell  does  not  exceed  1000-1100°C.  In  practice,  however,  the 
maximum  permissible  temperature  for  uranium  under  the  operating  con¬ 
ditions  of  a  heterogeneous  reactor  is  much  lower  than  the  melting 
point  Indicated  above.  Contemporary  stationary  industrial  hetero¬ 
geneous  uranium  reactors  operate  at  temperatures  of  the  order  of 
hundreds  of  degrees  Centigrade. 

nils  state  of  affairs  Indicates  that  the  efficiency  obtained 
from  the  uranium  nuclear  energy  used  in  heterogeneous  reactors  is 
very  low.  If  it  is  assumed  that  it  will  be  possible  in  the  future  to 
raise  the  admissible  temperature  in  the  heterogeneous  reactor  to 


1500°C,  it  will  probably  be  possible  to  produce  specific  thrusts  of 
the  order  of  400-700  kg-sec/kg,  i.e.,  thrusts  2  to  3  times  that  at¬ 
tainable  with  existing  chemical 

The  only  way  to  produce  higher  mass-vehicle  tengjeratures  in 
the  reactor  and,  consequently,  higher  specific  thrusts,  is  to  feed 
the  mass  vehicle  and  the  atomic  fuel  Into  the  reactor  concurrently, 
with  the  latter  In  a  liquid,  gaseous,  or  Intermediate  state. 

Under  these  conditions,  the  temperature  In  the  so-called  homo¬ 
geneous  liquid-phase,  gaseous- phase,  or  mixed  reactor  is  no  longer 
restricted  by  the  melting  point  of  the  solid  radioactive  substance 
used  In  the  reactor.  In  contrast  to  the  solid-phase  reactor  con¬ 
sidered  above.  The  upper  limit  of  this  temperature  will  be  delin¬ 
eated  only  by  the  higher  safety  limit  of  temperature  for  the  mate¬ 
rials  used  In  building  the  engine  itself;  this  limit  premits  develop¬ 
ment  of  specific  thrusts  of  the  order  of  1500  kg- sec/kg.*  For  example, 
the  melting  points  of  the  carbides  of  certain  metals  range  around 
4000°K. 

However,  there  are  Important  drawbacks  Inherent  even  in 
this  method  of  utilizing  nuclear  energy:  the  small  quantity  of  liquid 
nuclear  fuel  required  as  compared  with  the  quemtlty  of  mass  vehicle, 
the  necessity  of  conducting  the  process  In  the  gaseous  phase  at  very 
high  pressures  and  using  for  the  purpose  a  reactor  of  tremendous 
size  so  that  the  reaction  will  be  self-sustaining,  the  considerable 
heat  losses  into  the  environment,  etc. 

Since  the  temperature  of  the  mass  vehicle  In  a  heterogeneous 
atomic-engine  reactor  is  limited  in  practice,  it  Is  necessary  to 
make  an  expedient  selection  of  the  mass  vehicle  for  the  engine  in 
order  to  obtain  optimum  utilization  of  the  nuclear  fuel  in  the  engine 
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(highest  possible  cycle  efficiency) . 

It  may  be  assumed  that  the  most  effective  mass  vehicle  for  a 
thermal  atomic  rocket  engine  will  be  a  substance  which: 

1)  possesses  the  lowest  possible  molecular  weight  and  the 
highest  possible  specific  heat  capacity  in  the  gaseous  state^  since 
the  heat  content  of  the  gas  at  a  given  temperature  will  be  the  higher 
the  higher  its  heat  capacity  (it  is  not  necessary  for  the  heat 
carrier  to  possess  a  chemical  energy); 

2)  possesses  the  highest  possible  dissociation  and  lonlzat’on 
[constants]  In  a  given  thermal  regime,  since  these  properties  will 
contribute  to  reducing  Its  molecular  weight  and  increasing  Its  heat 
capacity  and,  consequently,  will  result  In  less  heating  for  a  given 
amount  of  heat  supplied; 

3)  has  a  sufficiently  high  specific  gravity  and,  consequently, 
a  smaller  tank  capacity  for  a  given  heat  carrier  load; 

4)  conforms  to  a  number  of  nuclear  characteristics  and  opera¬ 
tional  requirements; 

5)  has  a  small  neutron  capture  section  and,  when  fast-neutron 
reactors  are  used,  a  small  moderating  ratio  as  well. 

Molecular  hydrogen  comes  closest  to  meeting  these  specifica¬ 
tions.  A  number  of  Its  characteristics  are  not  Inferior  to  those  of 
monatomic  hydrogen,  the  more  so  because  the  latter  Is  almost  useless 
In  view  of  Its  great  Instability. 

Atomic  rocket  engines  in  which  the  mass  vehicle  Is  heated  In 
the  reactor  will  obviously  be  much  heavier  and  more  massive  struc¬ 
tures  than  the  ordinary  chemical  Zt^,  particularly  when  protective 
measures  are  provided  In  It  against  gamna  rays,  neutrons,  and  alpha 
particles,  as  Is  mandatory  for  manned  missiles.  The  use  of  an  atomic 
engine  of  this  type  may  be  foimd  convenient  only  for  the  second  and 
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subsequent  stages  of  large  missiles  to  be  placed  in  operation  at 
very  high  altitudes.  Such  missiles  may  be  used  for  a  wide  variety 
of  purposes. 

The  development  of  atomic  rocket  engines  for  missiles  pre¬ 
sents  an  extremely  complex  and  difficult  problem.  In  designing  an 
engine  of  this  type,  it  will  be  necessary  to  solve  extremely  complex 
problems  Involved  in  selection  of  the  engine  configuration,  its  mass 
vehicle,  cooling  of  the  reactor,  the  technique  by  which  the  reaction 
process  is  controlled,  radiation  shielding,  etc. 

Since  efficient  operation  of  an  atomic  engine  requires  ex¬ 
tremely  high  working-fluid  temperatures  in  the  reactor,  the  utiliza¬ 
tion  of  nuclear  energy  in  a  thermal  rocket  engine  requires: 

1)  mastery  of  new,  highly  heat-resistant  materials  for  fabri¬ 
cation  of  the  chamber  in  which  the  heat  carrier  is  heated  and  methods 
of  collimating  the  stream  of  reacting  material  with  magnetic  or  elec¬ 
tric  fields,  so  that  the  shell  of  the  engine's  chamber  (reactor)  will 
be  able  to  withstand  the  Infernal  reaction  temperatures; 

2)  mastery  of  a  highly  efficient  and  dependable  cooling  sys¬ 
tem  for  the  atomic  engines; 

3)  achievement  of  very  low  atomic-fuel  consumption  rates 
coupled  with  very  high  mass- vehicle  flow  rates  (about  1050  tons  of 
molecular  hydrogen  are  required  for  one  g  of  uranium- 235  with  an 
efficiency  of  about  60^) ; 

4)  design  of  a  reliable  system  for  controlling  the  reaction 
process,  dependable  and  lightweight  protection  for  the  conqponents 
of  the  missile  engine  and  the  crew  from  Intense  gamma- radiation; 

5)  attainment  of  dependable  performance  in  the  engine  as  a 

whole . 

Production  of  nuclear  energy  for  practical  utilization  is 
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possible  only  provided  that  a  self-developing  nuclear-fission  chain 
reaction  can  be  set  up;  such  reactions  csui  be  sustained  only  in  a 


Fig.  3 >16.  Schematic  diagrams  of 
nuclear  reactors,  a)  Heterogeneous 
reactor:  solid  fuel  and  moderator, 
coolant  circulates;  l)  reflector; 

2)  uranium  rods  in  tubes;  3)  solid 
moderator;  4)  heat  carrier  (gas  or 
liquid);  b)  heterogeneous  reactor: 
solid  fuel,  moderator  clrculat^es  and 
acts  simultaneously  as  heat  carrier; 
5)  reflector;  6)  Jacketed  uranium 
rods;  7)  liquid  moderator;  c)  hetero¬ 
geneous  reactor:  solid  moderator: 
liquid  nuclear  fuel  circulates;  o) 
reflector;  9)  solid  moderator;  10)  liquid  fuel  (solution  or  molten 
alloy),  acting  simultaneously  as  heat  source  and  heat  carrier; 
d)  homogeneous  reactor:  liquid  mixture  of  fuel  and  moderator  clz^ 
culates;  11)  reflector;  12)  liquid  mixture  of  uranium  and  moderator: 
functioning  simultaneously  as  heat  source  and  heat  carrier;  e)  homo¬ 
geneous  reactor:  solid  (or  liquid)  mixture  of  uranium  and  moderator; 
heat  carrier  circulates;  13)  reflector;  l4)  solid  or  liquid  mixture 
of  uranium  and  moderator;  15)  heat  carrier  (gas  or  liquid). 


It  is  customary  to  classify  nuclear  reactors  into  the  follow¬ 
ing  types  in  accordance  with  the  velocities  of  the  neutrons  causing 
the  fission: 

1)  reactors  operating  on  slow  neutrons  (if  most  of  the  fis¬ 
sion  occurs  on  capture  of  slow  neutrons)  and 

2)  reactors  operating  on  fast  neutrons  (if  fission  is  trig¬ 
gered  by  fast  neutrons). 

The  minimum  neutron  velocity  attainable  as  a  result  of  modera¬ 
tion  is  equal  to  their  velocity  of  thermal  agitation  as  established 
at  thermal  equilibrium  with  the  environment.  For  this  reason,  slow- 
neutron  reactors  are  also  known  as  thermal-neutron  reactors . 

Uranium-fueled  nuclear  reactors  can  be  built  only  for  slow 
neutrons,  since  it  is  only  in  this  case  that  the  probability  of  fis¬ 
sion  of  the  Isotope  uranlum-233  is  so  high  that  it  can  predominate 
over  the  probabilities  of  all  other  processes.  As  the  content  of  the 


i 


I 

-T 

i 


t 


-  287  - 


IIWWWIilHiiiiwiyy^  — . . 

uranluin-235  Isotope  in  the  uranium  is  raised,  it  becomes  possible  to 
realize  reactors  of  two  other  types  (uranium  with  its  content  of  the 

ooc 

isotope  U  elevated  over  the  natural  content  is  known  as  enriched 
uranium) . 

The  basic  elements  of  a  slow-neutron  nuclear  reactor  are  as 
follows  (see  Pig.  5.16): 

1)  the  active  section  (core),  i.e.,  the  zone  in  which  the 
urauilum  and  the  neutron  moderator  are  placed j  graphite,  heavy  water 
(water  in  which  light  hydrogen  has  been  replaced  by  heavy  hydrogen) 
or  beryllium  oxide,  or,  in  the  case  of  enriched  uranium,  even  water 
can  be  used  to  moderate  the  neutrons; 

2)  the  reflector,  i.e.,  a  device  which  reflects  neutrons  pro¬ 
jected  from  the  active  section;  the  same  materials  are  used  for  the 
reflector  as  for  the  moderator; 

3)  the  cooling  system,  the  function  of  which  is  to  remove 
the  heat  liberated  in  the  active  section  of  the  reactor;  it  consists 
of  tubes  through  which  a  coolant  (heat  carrier)  is  pumped;  gases, 
heavy  eind  ordinary  water,  or  fused  metals  may  be  used  as  coolants; 

4)  a  system  for  controlling  the  rate  of  the  nuclear-fission 
chain  reaction,  and,  consequently,  the  power  setting;  this  Includes 
sensors  that  measure  the  density  of  the  neutron  flux  in  the  reactor, 
regulating  rods  whose  composition  Includes  substances  with  good  neu¬ 
tron-absorbing  ability  (cadmium,  boron),  and  various  electronic  and 
electromechanical  devices  the  function  of  which  is  to  control  absorb- 
tion  by  the  rods; 

5)  protective  shielding,  which  protects  other  parts  of  the 
missile  engine  and  the  crew  from  Intense  radiation. 

If  the  nuclear  fuel  and  moderator  represent  a  homogeneous 
mixture  (e.g.,  a  solution  of  a  uranium  salt  in  water),  the  reactor 


is  said  to  be  homogeneous ,  while  if  the  nuclear  fuel  is  placed  in  the 
moderator  in  the  form  of  individual  blocks  or  rods,  the  reactor  is 
known  as  a  heterogeneous  reactor. 

The  uranium  blocks  or  rods,  which  are  frequently  referred  to 
as  fuel  elements,  are  usually  arranged  in  a  certain  regular  order  to 
form  a  so-called  lattice. 

In  accordance  with  the  type  of  moderator  used,  the  reactor 
may  be  designated  as  a  graphite,  heavy- water,  or  metal- cooled  reactor, 
etc. 

The  power  developed  by  the  reactor  depends  on  the  number  of 
uranium  nuclei  undergoing  fission  in  one  second,  and  this  is,  in  turn, 
proportional  to  the  number  of  neutrons  in  the  reactor.  In  a  homogen¬ 
eous  reactor,  almost  all  of  the  energy  liberated  on  fission  of  the 
nuclei  is  transformed  into  thermal  energy;  here,  the  largest  quantity 
of  heat  is  liberated  in  the  reactor's  active  section,  while  this 
occurs  in  the  uranium  rods  in  the  heterogeneous  reactor. 

Selection  of  the  materials  needed  for  the  various  elements 
of  the  reactor  is  determined  not  only  by  the  functions  to  be  performed 
by  each  given  design  element,  but  also  by  their  nuclear  properties, 
by  which  we  mean  their  ability  to  absorb  neutrons  and  become  acti¬ 
vated  (form  radioactive  Isotopes  as  a  result  of  neutron  absorption 
by  stable  Isotopes).  In  selecting  a  material,  it  is  also  necessary 
to  take  into  account  the  chemges  that  take  place  in  its  properties 
at  high  temperature  and  under  intensive  radioactive  bombardment 
(radiation  dcunage) . 

As  we  know,  metals  tend  to  lose  mechanical  strength  under 
irradiation.  If  the  energy  transmitted  to  the  metal  is  larger  than 
the  bonding  energy  of  the  atoms  in  its  molecules,  the  atoms  may  be 
displaced  from  their  normal  positions  in  the  crystal  lattice.  In  com- 
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plex  chemical  compounds,  there  Is  a  possibility  of  chemical-bond  rup¬ 
ture  and  changes  in  chemical  composition. 

A  substance  with  a  high  slowing-down  ability  and  the  smallest 
possible  neutron- capture  section  should  be  used  for  the  moderator.  The 
slowlng-down  ability  of  a  substance  is  equal  to  the  product  of  its 
microscopic  neutron- scattering  section  by  a  quantity  that  is  propor¬ 
tional  CO  the  energy  lost  in  one  fission  event . 

The  materials  used  for  reflectors  include  those  used  for  the 
moderator  and  heavy  substances  that  have  large  scattering  sections 
and  small  neutron- capture  sections. 

The  protective  shield  surrounding  the  reactor  has  the  follow¬ 
ing  functions: 

1)  moderation  of  fast  neutrons  that  escape  the  active  section 
through  the  various  slits  and  gaps  in  the  moderator  or  reflector; 

2)  absorption  of  slow  neutrons  escaping  from  the  outer  layer 
of  the  reflector; 

3)  attenuation  of  gamma  radiation. 

To  moderate  fast  neutrons  effectively,  the  shield  must  con¬ 
tain  elements  with  high  atomic  numbers.  Neutrons  give  up  their  energy 
as  a  result  of  inelastic  collisions  with  the  nuclei  of  these  elements. 
Iron  and  barium  are  best  suited  for  these  functions.  Since  the  proc¬ 
ess  of  Inelastic  scattering  is  accompanied  by  emission  of  gamma  rays, 
these  materials  must  be  concentrated  chiefly  at  the  external  sur¬ 
face  of  the  protective  shield. 

High  mechanical  strength  is  required  of  the  materials  used 
to  make  jackets  for  the  uranium  blocks,  plumbing  for  the  heat  carrier, 
plumbing  and  containers  for  liquid  nuclear  fuels,  and  the  supporting 

structures.  General  requirements  set  forth  for  the  structural  mate- 

( 

rials  consist  In  retention  of  mechanical  strength  under  irradiation 
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and  at  high  ten^perature,  corrosion  resistance,  and  low  neutron  absorp¬ 
tion. 

In  selecting  the  metal  for  the  uranium-block  Jackets,  an 
additional  specification  is  high  thermal  conductivity,  which  ensures 
a  small  ten5)erature  gradient  between  the  block  and  the  heat  carrier. 
Here,  the  use  of  different  metals  is  not  admissible  because  of  the 
electromotive  forces  that  arise  and  result  in  intensified  electro¬ 
chemical  erosion. 

Stainless  steels  represent  an  excellent  corrosion-resistant 
material.  They  are  suitable  for  fabrication  of  tubing  for  liquid- 
metal  heat- exchanger  systems  smd  pipelines  and  containers  for  reac¬ 
tors  operating  on  aqueous  and  metallic  uranium  solutions.  The  funda¬ 
mental  constituents  of  stainless  steel  —  iron  and  the  alloying  ele¬ 
ments  —  are  activated  under  neutron  bombardment  and  produce  long- 
lived  Isotopes  that  emit  high-energy  gamma  rays.  It  must  be  remembered 
that  certain  components  of  the  system  are  subject  not  only  to  thermal 
stresses,  but  also  to  thermal  creep  on  heating. 

The  rate  of  the  nuclear  reaction  Increases  exponentially 
with  temperature,  and  if  the  control  system  is  not  sufficiently  de¬ 
pendable  the  process  may  die  out  or,  on  the  other  hand,  turn  into  a 
destructive  explosion.  The  engine's  cooling  system  should  perform  in 
close  coordination  with  the  reaction- temperature  control  system, 
since  a  change  in  the  amount  of  heat  tedcen  from  the  reactor  will  in¬ 
fluence  the  reaction  rate,  and  if  the  rate  of  heat  generation  exceeds 
the  rate  at  which  the  heat  is  withdrawn,  an  es^losion  may  result. 

While  a  cooling- system  breakdown  in  a  reaction  engine  using 
the  chemical  energy  of  the  fuel  normally  results  in  burnthrough  of 
the  chamber  without  causing  any  appreciable  Increase  in  the  tempera¬ 
ture  of  the  reaction  products  in  the  chamber  during  the  process,  a 
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cooling-system  breakdown  of  an  atomic-engine  reactor  will  lead  to  a 
ten^erature  rise  in  the  reactor  that  is  accompanied  by  an  explosion. 
VThile  ordinary  ZhRD  are  potentially  dangerous  to  work  with  because  of 
a  certain  probability  that  they  will  explode  on  starting  or  in  opera¬ 
tion,  the  atomic  engines,  which  are  distinguished  by  an  even  greater 
concentration  of  energy  per  unit  volume  and  complications  in  con¬ 
trolling  the  process,  which  unfolds  at  relatively  high  temperatures, 
present  an  incoii?)arably  greater  explosion  hazard. 


Nuclear  reactors  presently  in  operation  and  t^ose  undergoing 
design  have  control,  monitoring,  alarm,  and  emergency- stop  systems 


which  operate  in  accordance  with  the  Intensity  of  the  neutron  flux 


in  the  reactor.  Ionization  chambers  which  sense  the  intensity  of  the 
neutron  flux  are  employed  for  this  purpose.  The  operating  regime  of 
the  engine  cem  be  controlled  by  adjusting  the  Inflow  of  the  working 


substance  into  the  reactor. 


It  appears  that  the  problem  of  controlling  the  operation  of 
the  engines  by  metering  will  best  be  solved  by  feeding  the  fission¬ 
able  material  into  the  reactor  in  much  the  same  way  as  in  the  case 
of  the  homogeneous  reactor.  This  solution  can  be  sprayed  into  the 
reactor  chamber  eunovind  its  perimeter  in  order  to  produce  a  concen¬ 


tration  at  the  center  of  the  chamber  adequate  to  sustain  the  nuclear 


reaction.  As  we  have  already  noted,  another  way  to  control  the 
reaction  is  to  feed  solid  rods  of  a  fissionable  material  into  the 
chamber  (reactor)  in  the  same  way  as  electrodes  are  fed  automatically 
into  an  electric  furnace. 


A  degree  of  safety  may  be  ensured  in  a  thermonuclear  engine 
by  placing  the  "fuel”  supply  outside  the  reactor,  so  that  it  will 
not  be  able  to  participate  in  the  reaction  until  it  is  injected  into 
the  reactor  and  heated  to  a  certain  tenqperature .  It  is  then  possible 
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to  start  the  nuclear  engine  by  local  excitation  of  the  particles 
rather  than  by  an  atomic  explosion. 

The  primary  nuclear  fuel  is  the  isotope  uranlum-235*  Although 
a  nuclear-fission  chain  reaction  can  be  set  up  under  certain  condi¬ 
tions  in  natural  uranium,  in  which  the  uranlum-235  content  is  only 
0,71%,  it  is  helpful  in  many  cases  to  use  uranium  with  a  elevated 
content  of  the  Isotope  uranium- 235>  and,  for  small  reactors,  even 
practically  pvire  uranluin-235.  !nius,  it  is  necessary  to  concentrate 
the  ur£miuro-235  (enrichment)  for  successful  development  of  nuclear 
power . 

The  principal  sources  for  extraction  of  uranium  are  uranium- 
rich  minerals  -  uranlte  (pitchblende)  and  carnallte  (a  complex  com¬ 
pound  of  uranium  and  vanadium) .  There  are  also  a  large  number  of 
minerals  with  low  uranium  contents.  Nor  have  we  excluded  the  possi¬ 
bility  of  using  plutonium  and  the  man-made  Isotope  uranium 

Uranium  can  be  used  either  in  the  form  of  the  pure  metal  or 
in  a  solution  of  metallic  uranium  in  some  other  low-melting  metal, 
or  in  a  solution  of  one  of  its  salts  in  heavy  water.  If  metallic 
uranium  is  used  as  the  nuclear  fuel,  its  mecheuilcal  strength  is  of 
great  importance.  Metallic- uranium  reactors,  must  be  designed  for 
a  maximum  operating  temperature  of  the  uranium  below  660°C  (at  tem¬ 
peratures  lower  than  660®C,  uranium  exists  in  the  form  of  the  alpha- 
phase,  which  has  a  rhombic  crystal  lattice  with  an  ultimate  strength 
of  about  28  kg/mm  ).  At  higher  temperatures,  the  uranium  becomes 
softer  and  loses  strength,  while  at  lower  temperatures  its  strength 
diminishes  as  a  result  of  radial*  damage;  under  bombardment  by  neu¬ 
trons  and  other  fission  fragments,  the  uranium  blocks  and  rods  swell 

•Ifranslator's  note;  ryiial»nykh,  radial  is  presumably  an  error  for 
radiat s ionnykh ,  radiation. j 


and  warp. 

When  uranium  Is  used  in  the  form  of  a  solution  in  another  low- 
melting  metal,  such  as  bismuth  or  lead,  or  in  the  form  of  a  uranlum- 
sali  solution  in  water,  the  problem  of  its  mechanical  strength  is 
avoided.  In  the  latter  case,  however,  radiation  damage  to  the  fuel 
consists  in  deconposltlon  of  the  water  into  hydrogen  and  oxygen.  If 
heavy  water  is  used,  losses  of  this  product  cannot  be  permitted  be¬ 
cause  of  its  high  cost. 

The  basic  problem  in  designing  an  atomic  engine  for  a  missile 
consists  in  reducing  its  size  and  weight  to  the  greatest  possible 
degree.  Although  the  energy- product ion  density  in  the  reactor's 
active  section  reaches  10-20  thousand  kw/m^,  which  is  approximately 
100  times  greater  than  that  in  ordinary  thermal  engines,  the  final 
unit-volume  and  unit-weight  ratios  are  nevertheless  far  from  that 
good  for  the  nuclear  Installation  because  of  the  necessity  of  having 
a  thick  protective  shield  to  counter  radiation  effects. 

The  reactor  can  operate  continuously  until  0.9  kg  of  the 
ureuilura-235  has  undergone  fission.  We  Indicated  earlier  that  complete 
fission  of  one  kg  of  this  uranium  liberates  about  20  million  kilo¬ 
watt-hours  of  energy.  In  consuming  one  kg  of  uranlum-235>  therefore, 
the  reactor  can  develop  about  0.9*20  =  l8  million  kilowatt-hours  of 
energy  and  will  operate  nearly  600  hours  in  doing  so. 

Figure  5.17  shows  a  schematic  diagram  of  an  electric-arc- 
type  nuclear  rocket  engine  for  a  missile.  In  this  engine,  the  nuclear 
reactor  is  the  energy  source  supplying  the  arc.  The  result  is  the 
creation  of  the  same  specific  thrust  as  in  a  thermonuclear  rocket 
engine  with  the  mass  vehicle  heated  and  expanded  in  the  nozzle. 

Figure  5.18  shows  a  schematic  diagram  of  an  ion-type  rocket 
engine  for  a  missile. 
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Pig.  5.17.  Schematic  diagram  of 
electric-arc  nuclear  rocket  en¬ 
gine  for  missile,  l)  Tank  for 
mass  vehicle;  2)  turbopunp  set; 
3)  nuclear  reactor;  4)  turbo- 
enerator;  5)  electric  arc; 

)  chamber  nozzle;  7)  mass 
vehicle;  8)  radiator  (heat  ex¬ 
change)  . 


Fig.  3 >18.  Schematic  diagram  of 
Ion  rocket  engine  for  missile. 

1)  Tank  for  mass  vehicle;  2)  turbo 
pump  set;  3)  nuclear  reactor; 

4)  turbogenerator;  5)  Ionization 
chamber;  6)  accelerating  grids 
(or  annular  accelerating  elec¬ 
trodes);  7)  electron  generator; 

8)  radiator  (heat  exchange). 


Basically,  this  engine  consists  of  a  nuclear  reactor,  a  system 
for  converting  heat  into  electrical  energy,  and  an  Ionization  cham¬ 
ber  with  an-  accelerating  electric  field.* 

The  plasma  produced  in  the  ionization  process,  which  con¬ 
sists  of  electrons  and  positively  charged  Ions,  is  accelerated  to  a 
very  high  speed  by  the  magnetic  field,  with  the  result  that  the  en¬ 
gine  creates  a  react Ion- thrust  force.  To  prevent  electric  charges 
from  clinging  to  the  mass  of  the  missile  and  exerting  a  retarding 
influence  on  the  stream  of  positively  charged  ions  flowing  from  the 
engine,  the  Ions  are  neutralized  by  electrons  liberated  at  the  cathode 
of  the  ionizing  unit. 

Electric  power  obtained  from  galvanic  cells  or  by  conversion 
of  solar  energy  can  also  be  used  to  Ionize  the  working  fluid  and 
▼Bcspress- Informat slya  AN  SSSR,  No.  45,  RT-133#  1958. 
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accelerate  the  plasma. 

The  design  of  atomic- ionic  rocket  engines  encounters  diffi¬ 
culty  as  a  result  of  the  complexity  of  converting  atomic  energy  into 
kinetic  energy  of  a  working  fluid  In  the  form  of  an  ionic  plasma. 

As  with  the  solar  and  electric  Ionic  engines  mentioned 
earlier,  these  engines  have  an  enormous  drawback  In  the  fact  that 
If  they  are  to  develop  large  thrusts,  it  is  necessary  to  expend 
enormous  quantities  of  electric  energy  at  very  high  voltages  to  ac¬ 
celerate  the  Ionized  particles  of  the  mass  vehicle  to  the  necessary 
exhaust  velocities.  Rough  calculations  indicate  that  ^a  rated  power 
of  500  Mw  per  ton  of  thrust  is  required  to  produce  exhaust  velocities 
of  the  order  of  100  kn^sec  for  the  electrically  charged  particles 
of  the  working  fluid  leaving  the  nozzle,  l.e.,  a  power  station  with 
the  same  capacity  as  a  normal  thermoelectric  power  station  and  weigh¬ 
ing  several  thousand  tons  must  be  aboard  the  missile. 

It  appears  that  nuclear  energy  can  be  used  effectively  for 
reactive-propulsion  purposes  provided  that  a  successful  method  is 
found  for  converting  it  directly  Into  electrical  energy,  which  would 
eliminate  the  necessity  of  having  cumbersome  emd  heavy  mechanisms 
in  the  power  unit.  The  principles  underlying  direct  utilization 
[sic]  of  atomic  energy  Into  electrical  energy  are  described  in  the 
literature. 

An  extremely  serious  problem  In  the  case  of  the  electroatomlc 
rocket  engine  is  removal  from  the  reactor  of  that  fraction  of  the 
heat  that  cannot  be  converted  into  electric  power  because  of  the 
liqperfect  nature  of  the  process. 

The  principal  obstacles  to  Introduction  of  these  engines  into 
aviation  and  surface  transportation  are  the  large  dimensions  and  great 
weight  of  the  shielding  of  the  engines,  the  high  cost  of  the  nuclear 
fuel,  and  the  complexity  of  control. 
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Chapter  VI 

CYCLES  IN  CHAMBERS 

Qualitative  and  quantitative  data  about  the  mechanism  of  the  cy¬ 
cle  In  the  combustion  chamber  and  nozzle  of  a  Zhgg  permit  valid 
selection  of  optimum  parameters  and  chamber  shape  and  dimensions,  and 
solution  of  other  problems  of  engine  design  smd  construction. 

Calculating  the  kinetics  of  the  phenomena  occurring  in  the  com¬ 
bustion  chamber  and  nozzle,  together  with  the  thermal  and  sometimes 
the  gasdynamlc  calculations,  facilitates  establishing  the  picture  of 
temperature,  pressure,  and  velocity  distribution  In  the  gas  stream  In 
the  engine  chamber's  characteristic  sections,  and  computing  the  engine's 
basic  parameters  (specific  thrust,  per-second  fuel  consun^Jtlon  for  a 
given  absolute  thrust,  and  others),  as  well  as  selecting  and  computing 
the  systems  for  fuel  atomization,  cooling,  euid  propellant  feed. 

At  the  present  time  It  Is  Impossible  to  ascertain  the  role  of  the 
various  factors  Influencing  a  ghRg  cycle  with  sufficient  accuracy  or 
give  them  a  quantitative  evaluation.  In  calculating  the  fuel  combus¬ 
tion  processes  In  an  engine  we  assume  (on  the  bases  of  statistical 
and  experimental  data  which  are  still  extremely  limited)  the  values  of 
certain  characteristics  of  the  cycle,  such  as,  for  example,  the  pro¬ 
pellants  '  excess  oxidizer  coefficient  emd  the  physical  completeness 
of  combustion,  the  polytropic  exponent  for  the  gases '  expansion  In  the 
nozzle,  etc. 


-  297  - 


In  the  present  chapter  we  consider  the  basic  factors  affecting 
the  character  of  the  cycles  occurring  In  a  gjjgg  chamber,  set  down 
the  method  of  determining  the  nature  of  these  processes,  and  give  the 
approximate  limits  of  their  numerical  values. 

At  the  same  time,  we  show  examples  of  the  numerical  calculations 
for  determining  temperature  and  composition  of  the  products  of  combus¬ 
tion  of  the  fuel  In  the  engine  combustion  chamber  and  nozzle  outlet 
section,  as  well  as  other  thermodynamic  parameters.  Tables  and  graphs 
required  for  calculating  the  process  of  fuel  combustion  are  also  given. 

SECTION  1.  CYCLES  OP  FUEL  PREPARATION  AND  COMBUSTION  IN  THE  ENGINE 
CHAMBER 

Fuel  combustion  In  the  engine  chamber  Is  an  extremely  complicated 
physical  and  chemical  process,  consisting  of  overlapping  cycles  of 
preparation.  Ignition  and  combustion  of  the  fuel  mixture.  The  engine 
characteristics  depend  on  the  degree  of  perfection  of  these  processes. 

The  cycles  for  preparing  the  fuel  for  combustion  Include: 

1)  atomization  of  the  propellant  components,  which  are  fed  to  the 
combustion  chamber.  Into  the  smallest  particles; 

2)  heating  and  vaporization  of  these  propellant  components  by 
means  of  the  heat  formed  by  combustion  of  the  previous  portions  of  the 
fuel  In  the  chamber,  and 

3)  mixing  the  vapors  formed  from  the  fuel  components  together, 
chiefly  by  meeuis  of  turbulent  diffusion. 

The  completeness  of  combustion  and  the  stability  and  reliability 
of  the  engine's  operation  depend  on  the  time  and  nature  of  these  proc¬ 
esses'  occurrence,  as  well  as  the  volume  of  the  conibustlon  chamber  oc¬ 
cupied  by  these  processes. 

The  vaporization  cycle,  idiose  rate  Is  determined  by  the  param¬ 
eters  of  the  surrounding  medium  (temperature  and  pressiire)  and  the 
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Pig.  6. 1.  Convective  gas 
flows  at  head  of  am  en¬ 
gine  chamber,  l)  Convec¬ 
tive  gas  flows;  2)  com¬ 
bustible;  3)  oxidizer. 


physical  and  chemical  characteristics  of 
the  fuel,  may  be  concluded  before  the 
time  that  the  drops  of  fuel  arrive  In 
the  hlgh-ten5)erature  zone.  Then  combus¬ 
tion  will  occur  In  a  medltun  consisting 
of  small  amounts  of  combustible  and  ox¬ 
idizer  vapors  mixed  together.  If  the 


drops  are  not  vaporized  before  the  beginning  of  combustion,  a  hetero¬ 
geneous  reaction  will  take  place  on  the  surface  of  the  separate  liquid 
particles  of  the  combustible  or  oxidizer,  depending  on  which  of  the 
components  vaporizes  more  easily. 

The  processes  for  preheating  and  vaporizing  the  propellant  com¬ 
ponents  which  have  arrived  In  the  combustion  chamber  are  accomplished 
by  means  of  the  radiant  energy  of  the  seat  of  combustion,  the  heat 
from  the  heated  chamber  walls,  and  convective  gas  currents  flowing 
back  toward  the  combustion-chamber  head  as  a  consequence  of  some  blow¬ 
out  of  the  gaseous  medium  from  the  head  by  the  streams  of  Injected 
fuel  (Pig.  6.1). 

Reverse  gas  currents  always  exist  In  a  combustion  chamber,  es¬ 
pecially  In  the  fuel -cone  area  and  between  the  components ’  atomization 
cones,  as  well  as  along  the  walls  of  the  chamber,  emd  play  an  Important 
part  In  the  fuel -combustion  cycle.  Their  Intensity  depends  on  the  de¬ 
sign  of  the  Injectors  and  the  system  whereby  the  latter  are  arranged 
In  the  chamber  head.  Por  a  given  head  design,  the  Intensity  of  the  re¬ 
verse  currents  may  be  considered  as  constant.  If  unavoidable  ran¬ 
dom  fluctuations  sire  Ignored. 

As  the  liquid  drops  of  propellant  component  move  In  a  stream  of 
hot  gas,  they  are  preheated  and  partly  vaporized.  The  speed  of  this 
process  Increcuses  as  the  temperature  difference  between  the  drops  and 
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the  products  of  combustion  Is  increased.  Small  drops  are  vaporized 
more  quickly  than  large  ones. 

One  may  assume  that  in  that  section  of  the  combustion  chamber 
where  about  5-lOji  of  the  fuel  Is  vaporized,  reverse  currents  will  al¬ 
ready  have  disappeared.  Further  preheating  and  vaporization  of  the 
drops  is  provided  by  the  heat  produced  by  combustion  occurring  simul¬ 
taneously  with  vaporization.  With  vaporization  and  combustion  of  about 
10-25J^  of  the  fuel,  the  mean  velocity  of  the  gas  becomes  equal  to  the 
mean  velocity  of  the  fuel  drops;  in  the  following  sections  of  the 
combustion  chamber,  the  gas  velocity  exceeds  the  drops*.  About  10-15$^ 
of  the  heat  liberated  by  fuel  combustion  Is  required  for  preheating 
and  vaporization  of  the  liquid  fuel  components. 

In  existing  engines,  the  propellant  component  used  for  cooling 
the  engine  chamber  receives  about  10-255^  of  the  heat  required  for  Its 
heating  and  vaporization  from  the  surface  of  the  chamber  liner;  when 
the  pressure  In  the  combustion  chamber  Is  33-40  atm  abs,  this  heat  may 
amount  to  30-60^. 

The  combustion  cycles  for  the  fuel  mixture  include  the  mutually 
overlapping  processes  of  kinetic  and  diffusion  fuel  combustion,  as  a 
result  of  which  a  state  of  chemical  euid  energy  equilibrium  of  the  gases 
obtained  by  these  means,  corresponding  to  their  pressure  and  tempera¬ 
ture,  Is  established  at  the  end  of  the  chamber.  In  accordance  with  the 
degree  of  consumption  of  the  fuel  mixture,  the  temperature  in  the 
chamber  rises,  and  attains  maximum  value  toward  the  end  of  the  ccxnbus- 
tion  chamber.  No  significant  reaction  between  the  oxidizer  and  the 
combustible  occurs  In  the  liquid  phase. 

The  rate  (time)  with  which  the  fuel  combustion  process  occurs 
in  the  kinetic  zone  Is  Independent  of  the  hydrodynamic  and  diffusion 
factors  (stream  velocity,  dimensions  and  shape  of  combustion  chamber. 
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and  the  design  of  its  head),  and  is  chiefly  a  function  of: 

1)  the  properties  of  the  fuel  components  (their  activation  ener¬ 
gies); 

2)  the  temperature  and  pressure  in  the  combustion  chamber; 

3)  the  concentration  of  reagents  in  the  combustion  zone. 

The  rate  at  which  the  fuel  combustion  process  takes  place  in 
the  turbulent -diffusion  zone  is  almost  Independent  of  the  kinetic  fac¬ 
tors,  if  we  do  not  consider  the  weak  dependence  of  several  physical 
constants  on  temperature,  and  is  determined  primarily  by  hydrodynamic 
factors,  such  as: 

1)  the  nature  of  the  gas  stream's  motion  in  the  combustion  chamber 
(the  mixing  time  of  the  propellant  components  depends  very  little  on 
the  stream  velocity) ; 

2)  the  distribution  of  velocities,  concentrations  of  fuel  compo¬ 
nents,  and  temperatures  in  this  stream; 

3)  the  shape  and  dimensions  of  the  combustion  chamber  (with  a 
conically  converging  shape  of  combustion  chamber  the  turbulence  of  the 
gas  stream  is  damped); 

4)  the  character  of  general  and  local  stream  turbulence; 

5)  the  redistribution  of  heat  inside  the  stream,  especially  in  the 
combustion  zone,  and  also  between  the  stream  and  the  external  medium 
(heat  transfer  caused  by  the  system's  being  nonadlabatic) ,  and  so 
forth. 

The  character  of  the  fuel  injection  into  the  engine  chamber  has 
an  important  effect  on  the  combustion  process. 

Depending  on  the  structural  shape  of  the  combustion  chamber  head  and 
the  type,  number,  and  arrangement  scheme  of  the  fuel  injectors,  the 
following  things  occur  in  an  engine  chamber: 

1)  fuel- conponent  injection  Jets  in  different  directions; 
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2)  a  great  number  of  seats  of  vapor  formation  and  fuel-propellant 
combustion  distributed  throughout  the  volume  of  the  chamber; 

3)  vortical  convective  currents  of  the  hot  mass  toward  the  head 
of  the  combustion  chamber «  and  other  phenomena. 

The  movement  of  the  working  fluid  In  the  engine  combustion  cham¬ 
ber  becomes  turbulent  because  of  these  factors.  The  effect  of  all  the 
factors  enumerated  above  leads  to  the  basic  mass  of  the  propellant 
components  being  vaporized  and  burning  In  a  short  section  of  the  com¬ 
bustion  chamber «  forming  a  unique  flame  fix5nt. 

Up  to  the  present  time,  we  have  not  found  sufficiently  precise 
methods  for  determining  the  propellant- combustion  time  In  the  engine 
chamber. 

The  means  used  for  developing  the  combustion  cycle  depend  on  the 
type  of  propellant  components  used  and  the  specific  situation  occur¬ 
ring  In  the  process.  In  the  beginning  of  the  combustion  chamber,  where, 
as  a  consequence  of  Intensive  vaporization,  the  ten5>erature  of  the 
mixture  Is  comparatively  low,  reactions  take  place  slowly.  On  the 
other  hand,  the  velocity  of  the  gas  stream  and  Intensity  of  mixing  In 
the  beginning  of  the  chamber  Is  considerably  less  than  In  the  remain¬ 
ing  part  of  the  chamber,  which  is  explained  by  the  ten5>erature  regime 
of  this  section,  and  also  by  the  fact  that  part  of  the  fuel  In  this 
section  Is  In  a  liquid  state,  occupying  a  much  smaller  volume  of  the 
chamber  than  vapor.  For  these  reasons,  combustion  In  the  beginning  of 
the  chamber  will  be  kinetic  or  compound. 

A  high  temperature,  close  to  the  maximum  combustion  temperature. 

Is  found  In  the  remaining  petrt  of  the  chamber,  because  of  which  the 
chemical  reactions  tsike  place  practically  Instantaneously,  and  there¬ 
fore  the  combustion  process  has  a  turbulent-diffusion  nature.  In  a 

molecular  diffusion  occurs  considerably  more  slowly  than  turbu- 
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lent  diffusion,  and  therefore  the  speed  with 
which  the  gases  mix,  in  the  final  euialysls, 
is  determined  by  the  speed  of  turbulent  dif¬ 
fusion. 

The  heterogeneity  of  a  con5)OSitlon  of 
the  gases,  on  a  scale  equal  to  the  distance 
between  the  injectors,  is  equalized  rather 
quickly  but,  in  existing  engines,  inequali¬ 
ties  on  a  scale  equal  to  chamber  diameter 
are  hardly  equalized  even  throughout  the 
entire  length  of  the  chamber. 

Figure  6. 2  shows  curves  which  are  ap¬ 
proximately  characteristic  of  the  occurrence 
of  basic  cycle  stages  throughout  the  length 
of  the  engine  combustion  chamber  and  nozzle.  On  the  ordinate  of  these 
curves,  the  quantity  Q/q„  Is  the  fraction  of  the  fuel,  in  percentages, 
whose  participation  in  any  process  is  already  concluded.  All  the  basic 
processes  are  in  operation  in  section  H-1.  The  atomization  process  is 
finished  in  this  section,  and  the  part  of  the  propellemt  components 
which  have  reacted  amounts  to  a  very  small  fraction.  In  section  2, 
propellant -component  vaporization  is  almost  completed.  Here  the  chemi¬ 
cal  reaction  is  still  not  especially  great  emd  the  rate  of  the  com¬ 
bustion  cycle  is  limited.  High  temperatures  exist  in  the  last  part  2-}c 
of  the  combustion  chamber,  euid  therefore  all  the  fuel  which  succeeded 
in  mixing  is  consumed  here.  The  rate  of  combustion  in  this  sec¬ 
tion  is  limited  by  the  mixing  of  the  propellant  components.  The 
amount  of  the  mixture  which  has  reacted  is  increased  in  the  engine 
nozzle  because  of  the  complete  combustion  of  the  fuel  and  recombina¬ 
tion  of  molecules. 


Pig.  6. 2.  Course 
of  basic  cycle 
staiges  throughout 
the  length  of  an  en¬ 
gine  chamber,  l) 
Atomization;  2)  va¬ 
porization;  3)  mix¬ 
ing  of  propellants; 
4)  chemical  reac¬ 
tion;  5)  chamber 
length;  6)  chamber 
length. 
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Ignoring  the  i)artlal  overlap  In  the  components '  mixing  and  com¬ 
bustion  processes,  one  may  conditionally  consider  that  the  total 
time  for  direct  fuel  combustion  In  the  engine  chamber  consists  of: 

1)  the  time  required  for  physical  contact  between  the  gas¬ 

eous  combustible  and  the  gaseous  oxidizer; 

2)  the  time  required  for  the  chemical  reaction  Itself 

(kinetic  combustion  of  the  con?>onents)  to  take  place,  1.  e. , 

V  ■'flz  ■'khlm  “*“•  **• 

As  pressure  In  the  engine  combustion  chamber  Is  Increased,  the 
fuel- combustion  process  Is  Intensified,  and  therefore  the  time  re¬ 
quired  for  fuel  combustion  Is  decreased  (Pigs.  6.3  and  6.4). 

Since  the  rate  of  the  chemical  reaction  Is  quite  great  In  the 
combustion  chambers  of  existing  engines,  with  high  temperatures  In  the 
developed  focus  of  combustion,  and  fuel  combustion  Is  mainly  deter¬ 
mined  by  the  speed  with  which  the  fuel  mixture  forms,  l.e. ,  Is 

quite  small  In  comparison  to  In  practice,  one  may  consider  that 

the  fuel  combustion  cycle  occurs  chiefly  In  the  form  of  turbulent 
diffusion,  1.  e. , 


Sg  flZ  ted 


(6.2) 


The  mixing  time  for  the  propellant  components  In  the  diffusion- 
combustion  zone  Is  little  dependent  on  stream  velocity  and  Is  deter¬ 
mined  chiefly  by  the  turbulence,  which  Is  a  function  of  the  combustion - 
chamber  head's  shape  and  the  character  of  the  combustion  process  It¬ 
self. 


**  ^flz  “  ^flzlcheskly  “  ^physical  (contact)*^ 
**^^xHM  “  ^khlm  “  ^khlmlcheskaya  “  ^chemical  (reaction)*  ^ 
***[Xcr  *  Tgg  •  '^ggoraniye  “  ^combustion*  ^ 

****^'^r,a  "  ^t.d  “  ^turbulentnaya. dlffuzlya 
^turbulence. diffusion*  ^ 
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Pig.  6. 3.  Fuel  heat- 
llberatlon  coeffi¬ 
cient  as  a  function 
of  pressure  In  the 
c(»nbustlon  chamber, 
l)  &tm  abs. 


Pig.  6.4.  Puel- com¬ 
bustion  time  as  a 
function  of  pres¬ 
sure  In  the  combus¬ 
tion  chamber,  l) 
p^,  atm  abs;  2)  sec. 


Since  the  complete  fuel- combustion  cycle  In  the  engine  chamber 
consists  of:  1)  preparation  processes  accomplished  during  time 
and  2)  the  processes  for  turbulent  mixture  suid  combustion  of  the 
gaseous  fuel  components  during  the  time  t  ,  the  total  stay  time  of 
the  working  fluid  In  the  engine  conibustlon  chamber  may  be  condition¬ 
ally  expressed  by  the  formula 

“^pr  "^podg  ”^sg*  (6*3) 

Stay  time  varies  for  different  fuels  and  must  be  determined  by 

experimental  methods.  For  low-bolllng  propellant  components  Its  value 
Is  less  than  that  for  hlgh-bolllng  components.  Besides  this,  the 
greater  the  pressure  In  the  combustion  chamber,  the  smaller  Tp^,  since 
as  Pj^  Is  raised  the  fuel- combustion  cycle  Is  Intensified. 

For  a  given  fuel,  Xp^  Is  chiefly  a  function  of  the  hydrodynamics 
of  the  burner  cup  (Injection  head)  of  the  engine  chamber  (the  shape  of 
the  head,  number  of  Injectors,  and  their  type  and  arrangement  In  the 
head,  etc.),  l.e..  It  depends  on: 

1)  the  character  of  the  fuel  coDq)onents '  distribution  across 
a  cross  section  of  the  combustion  chamber; 

2)  the  components '  degree  of  atomization  and  the  degree  to  which 


noAr 


"^podg  “  ^podgotovka  “  "^preparation*  ^ 
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they  are  mixed  together,  and 

3)  formation  of  the  reverse  convective  gas  currents  mentioned 
above,  which  transfer  heat  from  the  seat  of  combustion  to  the  propel- 
lajit  corponents  which  have  ;}ust  arrived  In  the  chamber  and,  thus,  heat 
and  vaporize  these  conponents. 

Fuel  stay  time  In  an  engine  combustion  chamber  may  be  determined 
In  accordance  with  the  formula 


t  Virllt  _  ^uPk. 

"**  G, 


(6.4) 


This  formula  shows  that  fuel  stay  time  In  a  combustion  chamber  at 

a  given  per-second  flow  rate  Q_  kg/sec  depends  on  the  chamber  volume 

s 

Vj^,  Its  gas  pressure  Pj^,  temperature  Tj^,  and  gas  constant  Rj^;  stay 
time  Is  also  a  function  of  combustion  chamber  shape. 

In  designing  a  Zhgg.  a  rational  selection  of  combustion  chamber 
volvime  sometimes,  actually,  amotints  to  finding  a  magnitude  of 
within  limits  of  “^ppAgg  »  2-3#  which  Is  optimum  both  in  regard  to 
physical  completeness  of  fuel  combustion  and  to  the  engine  chamber's 
specific  weight.  The  shorter  Tp^,  the  smaller  the  volume,  weight,  and 
cost  of  the  engine  combustion  chamber.  Therefore,  when  designing  an 
engine,  one  should  strive  In  every  possible  way  to  obtain  the  smallest 
possible  combustion  chamber  dimensions  with  the  highest  operating 


economy. 

The  magnitude  of  Tp^  may  be  decreased  without  lowering  the  engine 
chamber  operating  economy  by  means  of: 

1)  rcdslng  the  pressure  In  the  chamber,  thus  promoting  Intensifi¬ 
cation  of  the  fuel  combustion  cycle; 

2)  Inprovlng  the  quality  of  propellant -component  atomization 
without  significant  complication  and  cost  Increase  In  the  atomizing 
unit  (using  atomization  which  Is  fine  and  even  throughout  the  chamber 


section,  spray  Injectors,  reverse-flow  atomization,  etc.); 

3)  reinforcing  gas-stream  turbulence  by  installing  cooled  tur¬ 
bulence  rings  In  the  combustion  chamber,  etc. 

The  mechanism  of  the  combustion  reaction  varies  for  different 
fuels  In  their  gaseous  phases,  but  in  all  cases  a  fine,  uniform  mix¬ 
ture  of  the  propellant  components  is  required  In  order  for  the  combus¬ 
tion  process  to  start. 

The  speed  with  which  the  flame  front  moves  throtigh  the  chemically 
reactant  mixture  Is  mostly  a  function  of  the  turbulent  mass  trans¬ 
fer  due  to  the  gas  vortices,  and  only  to  an  Insignificant  degree  Is  It 
a  function  of  the  true  velocity  of  the  flame  through  the  discrete  vol¬ 
umes  of  the  mixed  gas  Inside  each  vortex. 

The  propagation  of  the  flame  front  through  the  unburned  gaseous 
fuel  mixture  Is,  probably,  partially  due  to  the  high  rate  of  dif¬ 
fusion  for  certain  active  molecular  and  atomic  groups  such  as  OH,  N, 

H,  or  CH^,  which  form  during  the  fuel- combustion  process.  It  Is 
probable  that  these  active  particles  function  as  carriers  of  the 
chain  reaction. 

Combustion  processes  for  hypergolic  fuel  components,  which  Ignite 
when  mixed,  are  considerably  different  from  the  combustion  processes 
for  nonhypergollc  con5)onents  which  eu?e  briefly  described  above.  These 
propellant  components.  Igniting  at  mutual  contact,  do  not  require  heat 
for  preliminary  preparation  for  combustion;  a  relatively  smaller 
Is  required  for  them. 

When  starting  the  cycle  In  an  engine  combustion  chamber,  one  must 
always  bear  In  mind  that: 

1)  fuel  combustion  must  always  be  preceded  by  fine  atomization, 
preheating,  vaporization,  and  a  thorough  mixing  of  the  components; 

2)  mixing  the  combustible  and  oxidizer  In  the  liquid  form  Is  not 
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memdatory  if  their  drops  are  well  mixed  together  before  vaporization 
(in  bipropellant  emulsion  centrifugal-spray  injectors); 

3)  the  propelleuit -component  mixing  process  has  a  sharply  expressed 
hydrodynamic  character  and  is  chiefly  determined  by  the  conditions  un¬ 
der  which  turbulent  diffusion  and  heat  transfer  take  place; 

4)  the  speed  with  which  fuel  components  vaporize  is  determined  by 
the  ten^jerature  and  pressure  in  the  combustion  cheunber,  size  of  drops 
and  relative  velocity  of  the  fuel  components,  turbulence  in  the  gas 
stream,  and  other  factors; 

5)  in  the  beginning  of  the  combustion  chamber,  where  the  mixture 
temperature  is  con^aratlvely  low  because  of  Intensive  component  vapor¬ 
ization,  fuel  reactions  take  place  slowly,  and  some  part  of  the  com¬ 
bustible  mixture  is  formed  which,  as  a  consequence,  bums  almost  kln- 
etlcally,  regardless  of  the  hydrodynamic  factors; 

6)  the  fields  of  velocities  and  concentrations  in  fuel  components 
across  a  cross  section  of  the  combustion  chamber  are  never  com¬ 
pletely  homogeneous  and  are  basically  a  function  of  the  atomizing  units ' 
design; 

7)  under  practical  conditions,  the  chemical  processes  rarely 
reach  a  state  of  equillbrlvim;  the  level  of  their  completeness  is  essen¬ 
tially  a  fxinction  of  the  rate  at  which  the  reactions  take  place,  magni¬ 
tude  of  thermal  effect,  rate  of  heat  removal  or  heat  transfer,  pres¬ 
sure,  temperature,  and  concentration  of  reagents; 

8)  in  fuel  combustion,  the  flame  front  is  not  a  sln5)le  surface  in¬ 
tersecting  the  cross  section  of  the  c(»ibustlon  chamber,  and  the  speed 
of  its  mov^ent  through  the  chemically  reacting  mixture  is  basically  a 
function  of  turbulent  mass  transfer  accooq;>llshed  by  the  gas  vortices; 
it  is  only  to  an  insignificant  degree  that  the  flame  front  moves 
through  discrete  volumes  of  mixed  gas  within  each  vortex; 
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9)  the  mechajilsms  of  the  chemical  reactions,  In  the  gaseous  state^ 
vary  for  each  specific  fuel,  especially  for  hypergollc  and  nonhyper- 
gollc  propellant  components; 

10)  the  rates  with  which  chemical  reactions  take  place  are  quite 
great,  and  therefore  fuel  combustion  Is  chiefly  determined  by  the 
speed  with  which  the  combustible  mixture  (the  mixing  of  the  propel¬ 
lant  components)  Is  formed; 

11)  the  mixing  time  for  the  fuel  components  In  the  turbulent- 
combustion  zone  depends  very  little  on  the  velocity  of  the  gas  streeun 
and  Is  chiefly  determined  by  the  turbulence  of  the  flow,  depending  on 
the  atomization  units  of  the  engine  and  the  character  oT  the  combustion 
Itself  for  the  given  fuel; 

12)  when  pressure  In  the  chamber  Is  Increased,  the  combustion 
process  Is  Intensified,  and  therefore  combustion  time  decreases; 

13)  stay  time  In  the  combustion  chamber  for  the  given  fuel  com¬ 
ponents  Is  determined  chiefly  by  the  hydrodynamics  of  the  engine  atom¬ 
izing  unit; 

14)  as  the  fuel's  stay  time  In  the  combustion  chamber  Is  Increased, 
the  fuel  Is  better  consumed  (the  coefficient  of  completeness  of  com¬ 
bustion  Is  Increased),  but  the  dimensions  and  specific  weight  of  the 
chamber  are  Increased. 

SECTION  2.  HEAT  BALANCE  FOR  AN  ENGINE  COMBUSTION  CHAMBER 

Fuel-energy  losses  In  a  im  chamber  au^e  divided  Into  losses  di¬ 
rectly  In  the  combustion  chamber  and  In  the  chamber  nozzle. 

We  will  first  consider  heat  losses  In  the  engine  combustion  cham¬ 
ber. 

It  Is  well  known  that  the  fuel  combustion  process  In  an  engine 
chamber  occurs  at  a  very  high  tm^perature  level  and  thermal  potential. 
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As  a  result  of  this,  the  molecules  of  the  products  of  combustion  are 
In  a  highly  excited  state  and  partially  dissociate,  absorbing  heat. 
Thus,  some  physical  Incompleteness  of  fuel  combustion  takes  place  be¬ 
cause  of  the  propellant  components’  imperfect  mixing  and  limited  stay 
time  In  the  combustion  chamber.  Besides  this,  the  fuel  combustion 
process  Is  accompanied  by  heat  transfer  to  the  surrounding  medium  and 
the  work  of  friction  between  the  molecules  of  the  gases  and  against 
the  surface  of  the  engine  chamber  liner.  The  work  of  this  friction  Is 
turned  Into  gas  heat. 

If  the  combustion-chamber  flame  tube  Is  cooled  by  one  of  the  pro¬ 
pellant  components,  the  heat  3*  transferred  to  this  con^nent  in 

the  chamber- nozzle  coolant  passage  is  brought  Into  the  combustion 
chamber  and  is  an  external  physical  heat  increment  for  the  chamber.  In 
medium-  and  high-thrust  engines,  this  heat  usually  does  not  exceed  0.1 
to  0,2^  of  the  fuel's  lowest  operating  heating  value.  Besides  this, 
each  kilogram  of  fuel  which  arrives  in  the  combustion  chamber  has 
some  velocity  w^,  and,  consequently,  carries  this  energy  w^/2g  with 
It  Into  the  chamber  from  outside. 

However,  external  energy  Increments,  as  the  fuel  arrives  in  the 
engine  combustion  chamber  (Qqjqji  g  and  w^/2g),  like  the  work  of  the 
friction  of  the  gases  therein,  are  relatively  small  In  comparison  to 
the  fuel's  heating  value,  and,  with  sufficient  precision  for  practical 
purposes,  may  be  Ignored  In  computations,  all  the  more  so  since  their 
quantitative  evaluation  at  the  first  stage  of  designing  cuid  planning 
an  engine  Is  Impossible. 

At  the  first  stage  of  designing  a  Zhgg.  we  most  frequently,  re¬ 
gardless  of  method,  consider  the  following  fuel  energy  losses  In  an  en- 

xn,o  ■  ^khl.  s  “  *^khlazhdenlye.  sopla  ^cooling,  nozzle'  ^ 


-  310  - 


glne  combustion  chamber  (calculating  thm  on  the  bausls  of  1  kg), 
caused  by: 

1)  gas  dissociation  g,*  In  kcal/kg; 

2)  Incompleteness  Q^ep**  combustion.  In  kcal/kg; 

3)  heat  transfer  Qqj^***  to  the  surrounding  medium.  In  kcal/kg. 

Thus,  combustion-chamber  heat-balance  conditions  are  ex¬ 

pressed  by  the  equation 

-  «k  +  '^is  +  Onep  +  W  ’k  +  Ipot  k'al/kg,*”*  (6.5) 

where  Is  the  fuel's  heating  capacity  In  kcal/kg;  qj^  Is  the  fuel's 
specific  heat  liberation  In  the  engine  combustion  chamber  In  kcal/kg; 
and  Is  the  heat  loss  In  the  combustion  chamber.  In  kcal/lcg. 

For  existing  ZJjQg,  fuel-heat  losses  In  the  combustion  chamber  de¬ 
pend  on  a  great  number  of  factors,  and  usually  vary  within  the  limits 
of 

q^ls  *  7-14^,  q^ep  *  2-5?^,  and  q^j^  *  1^  of  H^, 
irtilch  compose  the  total  fuel -heat  loss  qp^^  »  10-205^  of 

Heat  loss  q^^g  may  be  determined  by  calculations,  but  Qj^^p  and 
q^kr  determined  only  by  experiments.  In  computations,  we  often 

neglect  the  values  of  and  the  friction  work  of  the  gases  because 
of  their  negligible  amounts. 

Ihe  processes  of  c<snplete  fuel  combustion,  recombination  of 
products  of  dissociation,  and  gas  friction  take  place  within  the  en¬ 
gine  noBzle,  and  it  is  here  that  part  of  the  available  heat  is  con¬ 
verted  into  the  kinetic  energy  of  the  gas- stream  leaving  the  noz¬ 
zle.  Ihe  remaining  part  of  the  available  heat  remains  In  the  gas 


^is  “  ^Issotslatslya  “  ‘dissociation*  ^ 
dep  “  ‘depolnota  “  ^Incompleteness  (of  combustion)*  ^ 
"  dkr  "  dlcruzhayushchaya  “  durrotindlng  (medliun)  *  ^ 
Chamber'  doT  "  ‘^loss*  ^ 
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Pig.  6.  5*  Approximate  dlagreun  of  the 
energy  balance  of  the  fuel  In  a 

chamber.  1}  Fuel's  available  heat  In 
the  form  of  effective  heating  value, 

^  Siep  ^Is  ^okr' 

fuel's  specific  heat  liberation  In 
the  combustion  chamber,  ^ 

-  ("Inep  +  "Idls  +  3) 

the  gases  at  the  outlet  from  the  noz¬ 
zle,  consisting  of  thermal  and  kin¬ 
etic  energy;  4)  kinetic  energy  of 
the  gases  at  the  outlet  from  the  noz¬ 
zle,  Lj.^gp  “w2/2gj  5)  kinetic  energy 

of  the  gases  effectively  used  for 
moving  the  missile,  L^gp  “  Pud^> 

kinetic  energy  of  the  gases  not  used 
by  the  weapon;  7)  thermal  energy  of 
the  gases  at  the  outlet  from  the 
nozzle. 


flow  and  Is  lost  as  far  as  the  engine  Is  concerned,  which  Is  analogous 
to  the  energy  loss  from  the  hot  exhaust  gases  In  Internal -combustion 
engines  (Fig.  6. 3)< 

The  combustion- chamber  heat  baleuice,  which  characterizes  the  re¬ 
sult  of  the  fuel- combustion  cycle,  does  not  reflect  In  any  obvious 
form  the  effect  of  the  dynamic  or  similar  factors  which  led  to 
this  partlculeu?  result.  This  statistically  balanced  equality  of  heat 
Input  and  expenditure  for  the  fuel  which  took  part  In  the  engine- cham¬ 
ber  cycle,  however,  has  an  Important  significance  both  for  Improving 
the  engine  Guid  for  the  technical  computation  of  a  newly  planned  com¬ 
bustion  chamber. 

In  computations  for  chambers,  we  usually  find  It  more  con¬ 

venient,  when  considering  loss  of  fuel  energy  as  a  consequence  of 
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physical  Incompleteness  of  combustion,  to  use  the  pressure  coefficient 

9-  for  the  gases  In  the  combustion  chamber,  and  to  use  the  velocity 
Pk 

coefficient  for  the  gas  outflow  from  the  chamber  nozzle  when  con- 
sidering  fuel  energy  losses  as  a  consequence  of  the  Imperfection  of 
the  process  for  the  outflow  of  products  of  combustion  from  the  engine 
chamber  nozzle  (see  Section  3  of  this  chapter). 

SECTION  3.  THE  FUEL  HEAT -LIBERATION  COEPPICIENT  IN  AN  ENGINE  COMBUS¬ 
TION  CHAMBER 


£ 


C 


Incomplete  liberation  of  fuel  heat  occurs  In  an  engine  combustion 
chamber  because  of  physical  Incompleteness  of  combustion,  dissociation 
of  the  products  of  combustion,  and  heat  transfer  to  the  surrounding 
medium. 

The  ratio  between  the  heat  liberated  by  combustion  of  one  kilo¬ 
gram  of  fuel  to  the  heat  available,  that  Is,  the  calorific  value  H^ 
of  the  fuel>  Is  customarily  called  the  total  coefficient  of  fuel 
heat-llberatlon: 

where  Ij^  Is  the  heat  content.  In  kcal/kg,  of  1  kg  of  the  fuel's  prod¬ 
ucts  of  combustion,  allowing  for  heat  losses  as  a  consequence  of  Incom¬ 
plete  combustion  and  dissociation  (heat  losses  to  the  surrounding 
medium  are  neglected  because  of  their  small  amounts);  9p  -  ^k^^d  k  “ 
“  ^k/^^d  k  coefficient  for  physical  completeness  of  fuel  com¬ 

bustion  (the  heat-llberatlon  coefficient  for  the  fuel  In  accordance 
with  the  physical  mixing  of  the  components).  Indicating  that  part  of 
the  heat  which  Is  liberated  In  the  engine  combustion  chamber  during 

*^^n.K  “  ^p.  k  “  ^polnota.  kamera  “  '^completeness,  chamber^ 

^fl.K  “  ^d.k  “  ^dlssotslatslya. kamera  "  '^^dissociation,  chamber' 

^CT.K  "  ^st.k  “  ^stabll'nost'.kamera  "  ^stability,  chamber*  ^ 
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fuel  conibuBtlon,  only  In  the  case  of  heat  losses  attributable  to 
nonideal  mixing  and  combustion  of  the  fuel  components;  the  quantity 

I  —  <Pp  represents  that  part  of  the  heat.  In  the  form  of  the  chemi¬ 

cal  energy  of  the  unburned  portion  of  the  fuel,  which  remained  In  the 
products  of  combustion  at  the  end  of  the  combustion  chamber;  * 

“  \/^p  k  “  ^k^^^p  k  coefficient  for  completeness  of  fuel  heat 

liberation  In  the  engine  combustion  chamber,  allowing  only  for  heat 
losses  resulting  from  dissociation  of  gases;  the  quantity  'Pd.k 

represents  that  part  of  the  heat.  In  the  form  of  chemical  energy, 
which  remains  In  the  gas  dissociation  product;  ^  Is  the  stability 
coefficient  for  the  heat  of  the  products  of  fuel  combustion  In  the 
combustion  chamber,  representing  that  part  of  the  heat  which  the  prod¬ 
ucts  of  combustion  have  In  the  chamber,  allowing  only  for  heat  loss  to 
the  surrounding  medl\im;  and  1  —  Is  the  fraction  of  heat  transfer 

to  the  siUTOundlng  medlxun. 

To  determine  the  heat  content  of  the  separate  components  of  the 
gaseous  mixture,  one  may  use  the  data  In  the  table  In  Appendix  I, 
subtracting  the  energy  content  of  the  gas  at  20°C  from  the  energy 
content  of  the  gas  at  a  given  temperature,  l.e.  assuming  that 

II  *  Ij[g  -  I'ig°  kcal/kraole. 

Consequently,  the  fuel  heat -liberation  coefficient  In  the  com¬ 
bustion  chamber  represents  that  part  of  the  heat  which  Is  actually 
liberated  during  fuel  combustion  In  the  cliamber,  allowing  for 
heat  losses  caused  by  dissociation.  Incomplete  combustion,  and  trans¬ 
fer  to  the  surroxindlng  medium;  the  quantity  1  ”  represents  that 
part  of  the  heat  which  Is  lost  In  the  engine  combustion  chamber  as  a 
result  of  fuel-heat  losses  q^j^g  and  qgjjy. 

In  existing  engines  9p  *  0.95-0. 98;  *  0. 85-0. 9O;  9g^  • 

*  0. 99»  and  9^^  »  0. 7O-0. 90. 


The  coefficient  ®  .  depends  on  the  type  smd  composition  of  the 

jC 

fuel,  design  of  the  atomizing  unit,  shape  and  volume  of  the  combustion 
chamber,  and  other  factors;  It  may  be  determined  approximately  only  by 
means  of  experiments,  like  the  coefficient  The  coefficient  may 

be  determined  analytically  with  sufficient  accuracy. 

At  the  present  time  e3^erlmental  data  concerning  the  coefficient 
are  still  extremely  limited,  which  hampers  our  evaluation  of  Its  mag¬ 
nitude  when  designing  engines. 

It  has  been  established  that  as  stay  time  t  for  the  fuel  In  an 
engine  combustion  chamber  Is  Increased,  the  value  of  <Pp  at  first. 
Increases  sharply,  and  then,  beginning  at  some  magnitude  of  fuel  com¬ 
bustion's  dimensionless  tlme^T  ®  *  ^"3^  this  Increase  becomes 

quite  Insignificant  (Plg.  6.6). 

As  pressure  p^^  In  the  engine  combustion  chamber  Is  Increased, 
dissociation  of  the  products  of  fuel  combustion  decreases,  which  In¬ 
creases  the  value  of  <Pjj  (Pig.  6.7).  Thus  the  optimum  magnitude  of  the 
excess  oxidizer  coefficient  a  In  the  fuel  Is  IncreMed,  because  of 
which  the  fuel  heat -liberation  coefficient  q)j^  also  Increases. 

Throughout  the  length  of  the  engine  nozzle,  the  values  of  <p  euxd 
9^#  Increase  as  the  consequence  of  complete  fuel  combustion  and  re¬ 
combination  of  the  molecules  of  dissociation  products,  euid  In  a  nozzle 
section.  In  practice,  may  attain  a  value  of  one.  In  longer  nozzles, 
the  stay  time  for  the  products  of  fuel  combustion  Is  Increased,  as  a 
result  of  which  the  processes  of  complete  fuel  combustion  euid  recom¬ 
bination  of  molecules  occur  more  completely. 

The  phenomena  occurring  In  an  engine  combustion  chamber  when  ci  1 
and  9  v  ^  1  complex  and  as  yet  have  been  little  studied.  If 

pe  iC 

■  ^dissociation'  ^  *  ^completeness*  ^ 
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Pig.  6.6.  Fuel’s  com¬ 
pleteness  of  combus¬ 
tion  coefficient  as 
a  function  of  dimen¬ 
sionless  time. 


Pig.  6.7.  Fuel's  heat- 
liberation  coefficient, 
allowing  for  dissocia¬ 
tion,  as  a  function  of 
pressure  and  tempera¬ 
ture  in  the  engine  com¬ 
bustion  chamber. 


there  turns  out  to  be  more  oxidizer  in  some  section  of  the  combustion 
chamber,  and  therefore  the  local  value  of  the  excess  oxidizer  coeffi¬ 
cient  will  be  greater  than  the  mean  value  of  a  for  the  entire  com¬ 
bustion  chamber,  and  the  fuel -combustion  process  in  this  place  will  be 
accomplished  more  completely. 

In  the  other  parts  of  the  combustion  chamber,  where  there  is  more 
combustible,  l.e. ,  when  <  a,  the  fuel-combustion  process  will  occiu? 
less  completely.  At  a  very  incomplete  atomization  amd  mixing  of  the 
fuel  components  in  some  parts  of  the  combustion  chamber,  an  almost 
complete  absence  of  one  of  the  fuel  components  may  occur.  The  fuel 
component  which  is  not  participating  in  the  combustion  process  will  be 
heated  up,  vaporized,  and  decomposed  by  means  of  the  heat  from  the 
part  of  the  fuel  which  has  burned.  Increasing  the  niimber  of  products 
of  Incomplete  combustion. 

Vfhen  such  gases  leave  the  nozzle,  the  unburned  part  of  the  com¬ 
bustible  close  to  the  boundary  of  the  streeun  comes  into  contact  with 
the  air  of  the  atmosphere,  and  continues  to  biirn  outside,  forming  a 
long  tongue  of  flame.  The  shock  waves,  which  are  observed  in  the  form 

“  °mestnoye  “  ®local’ ^ 
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Of  Wide  luminescent'  "packets,”*  are  another  widespread  trait  of  the 
stream  of  gases  flowing  out  of  an  engine  nozzle. 

SECTION  4.  IDEAL,  THEORETICAL,  AND  ACTUAL  THERMODYNAMIC  TEMPERATURES 
OP  FUEL  COMBUSTION 

The  temperature  of  the  products  of  fuel  combustion  In  an  engine 
chamber  Is  characteristic  of  the  thermal  potential  level  for  these 
products. 

Puel-combustlon  product  temperature  has  an  Important  effect  on 
the  nature  of  the  engine-chamber  cycle,  and  must  be  considered  In  se¬ 
lecting  a  proper  chamber-cooling  method.  Therefore,  the  main  problem 
In  a  ZhRD  thennodynamlc  computation  is  to  determine  temperature  and 
composition  of  the  products  of  fuel  combustion  In  the  combustion  cham¬ 
ber  and  nozzle  outlet  section.  These  parameters  for  the  fuel  combus¬ 
tion  cycle  are  required  for  planning  and  designing  the  engine  chamber. 

The  value  of  the  thermodynamic  (static)  temperature  for  the  prod¬ 
ucts  of  combustion  of  a  given  fuel  In  an  engine  chamber  depends  on  a 
n\imber  of  factors,  the  most  important  of  which  are: 

1)  the  fuel's  specific  calorific  value,  which  Is  cheu?acterl8tlc 
of  the  chemical  composition  of  Its  components  and  their  ratio  to  each 
other; 

2)  the  pressure  In  the  combustion  chamber,  the  value  of  which  Is 
established,  when  designing  an  engine,  by  starting  frcmi  the  economic, 
operational,  and  other  considerations; 

3)  the  heat  losses  from  the  fuel  to  be  burned,  which  depend  on 
the  establishment  of  the  engine  combustion-chamber  cycle  and  how  the 
cycle  proceeds,  as  well  as  the  chamber  design  and  geometrical 
parameters,  and  also  other  factors. 


♦["naKeTu"  *  "pakety”  ■  "packets,”] 
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Depending  on  which  fuel  heat  losses  during  combustion  In  a  Zhgg 
chamber  are  considered,  we  distinguish  between  the  following  thermody¬ 
namic  temperatures  for  the  products  of  fuel  combustion: 

1)  Ideal  or 

2)  theoretical  tj^  or  Tj^  and 

3)  actual  tj^°C***  or  Tj^°K. 

The  Ideal  temperature  of  a  fuel's  combustion  Is  that  temperature 
which  the  product  of  coirplete  combustion  of  this  fuel  would  have  at  a 
stolchlometrlcal  component  ratio  and  without  any  sort  of  heat  losses 
In  the  engine  combustion  chamber.  Under  this  condition,  the  Ideal 
thermodynamic  temperature  of  the  products  of  fuel  combustion  Is  deter¬ 
mined  from  the  equation  of  energy  up  to  and  after  complete  combustion 
of  a  given  unit  of  fuel  (see  Section  5>  Chapter  Vl),  For  existing 
fuels,  *  3100-4800°C  or  higher. 

The  Ideal  combustion  temperature  Is  a  function  of  the  chemical 
composition  of  the  fuel  only,  since  only  this  determines  the  conqposl- 
tlon  of  the  products  of  combustion  and  the  amount  of  heat  which  Is 
liberated.  The  magnitude  of  this  temperature  Is  one  of  the  fuel's 
chair  ac  t  erl  s  tl  c  s . 

At  high  temperatures,  fuel  combustion  In  an  engine  chamber  Is,  In 
practice,  accompauiled  not  only  by  an  Increase  In  the  Internal  energy 
of  the  products  of  combustion  In  the  form  of  translational,  rotational, 
and  vibrational  motion  of  the  molecules  and  their  atomic  nuclei,  but 
also  by  considerable  dissociation,  accompemled  by  a  great  heat  loss, 
and,  consequently,  by  a  decrease  In  the  tenqperature  In  the  engine  com¬ 
bustion  chamber. 

“  ^k.  1  “  ^kamera.  Ideal 'naya  "  ^chamber. Ideal*  ^ 

“  ^k.  t  "  ^kamera.  teoretlcheskaya  "  ^chamber,  theoretical*  ^ 

♦♦♦[t  ■  t  ^  ^  .1 

*•  K  chamber  ^ 
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The  theoretical  temperature  for  fuel  combustion  is  that  tem¬ 
perature  which  the  products  of  combustion  of  a  fuel  would  have  at  a 
given  pressure  In  the  engine  chamber  and  with  only  one  heat  Iosb^  due 
to  gas  dissociation.  For  existing  fuels  emd  their  combustion  condi¬ 
tions  in  a  ghgg,  ^Ic  t  *  3000-3800^0  or  higher. 

The  value  of  this  thermodynamic  temperature  is  always  lower  than 
the  ideal  temperature  and  depends  to  a  considerable  degree  on  the  type 
and  composition  of  the  fuel  and  its  combustion  conditions. 

Since  direct  methods  do  not  pennlt  accurate  determination  of 
fuel-heat  losses  due  to  dissociation  of  combustion  products,  one  may 
determine  these  heat  losses  analytically,  by  successive  approximation 
or  some  other  method. 

In  practice,  fuel  heat  losses  also  occur  in  an  engine  chamber  be¬ 
cause  of  physical  Incompleteness  of  combustion  and  transfer  to  the 
surrounding  medixim,  vdiich  are  accompanied  by  a  decrease  in  the  combus¬ 
tion  temperature. 

The  actual  temperature  is  that  temperature  which  the  products  of 
combustion  for  a  given  fuel  actually  have  in  the  combustion  chamber  of 
a  real  engine  at  a  given  pressure  emd  with  heat  losses  in  the  form  of 
dissociation.  Incomplete  combustion,  and  transfer  to  the  surrounding 
medliun.  For  existing  gigg  and  the  fuels  used  in  them,  t^^  «  2800-3300^0 
or  higher. 

The  actual  combustion  tempera tiu?e  for  the  new,  most  thermally  ef¬ 
ficient  chemical  fuels  is  probably  5500®C.  In  practice,  the  possibility 
of  using  products  of  combustion  with  a  temperature  higher  than  4000^0 
is  scarcely  probable.  The  magnitude  of  this  temperature  is  limited  by 
the  heat  resistance  of  the  materials  used  for  the  engine  chamber.  The 
best  existing  materials  can  withstand  a  temperature  of  the  order  of 
1300-2000^0  during  sustained  operation.  Magnesium  oxide  is  one  of  the 
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strongest  materials.  The  feasible  limit  for  this  material,  even  in 
short-term  engine  chamber  operation,  is  a  temperature  which  is  not 
higher  than  3000°C.  Any  engine-chamber  liner  material  will  vaporize  at 
a  temperature  higher  than  4100®C. 

Determining  the  temperature  in  6ui  engine  combustion  chamber 

is  extremely  complex  and  cannot  be  done  accurately,  since,  in  prac¬ 
tice,  it  is  Impossible  for  us  to  accurately  estimate  the  effect  that 

V 

a  number  of  factors  have  on  the  fuel- combustion  cycle. 

The  tenperature  level  in  the  engine  combustion  chamber  has  an  im¬ 
portant  effect  on  the  fuel  combustion  process,  the  degree  cf  gas  dis¬ 
sociation,  and  the  engine  structure.  It  is  practicable  to  use  propel¬ 
lants  with  low  combustion  temperatures  and  combustion  products,  and 
relatively  high  exhaust  velocltleEV  for  a  Zt^,  since  this  simplifies 
engine  design. 

SECTION  5.  DETERMININO  THE  COMPOSITION  AND  IDEAL  TEMPERATURE  FOR 
PRODUCTS  OP  FUEL  COMBUSTION 

If  the  combustible  and  oxidizer  consist  chiefly  of  ceu?bon,  hy¬ 
drogen,  oxygen,  and  nitrogen,  the  products  of  complete  combustion  for 
a  weight  xmlt  of  this  fuel,  udien  the  excess  oxidizer  coefficient  a  ■  1 
and  there  is  no  dissociation,  are  COg^  HgO,  and  Ng  gases. 

Nhen  water,  in  the  form  of  aui  admixture,  is  present  in  the  com¬ 
bustible  and  oxidizer,  the  composition  of  this  fuel  may  be  expressed 
by  the  following  chemical  formula: 

»  Mj^  kmole/kmole,*  (6.7) 

where  c^,  h^,  o^,  n^,  and  Cg,  hg,  Og,  and  ng  are  the  number  of  atoms 
of  the  different  elements  in  1  kmole  of  the  combiuBtlble  and  oxidizer, 
respectively;  is  the  molar  coefficient  of  the  fuel's  composition; 

"  “coiiibustlble'  ®o  “  “oxidizer*  ^ 
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and  nig  and  ajce  the  number  of  kilogram  molecules  of  water  In  1  kmole 
of  combustible  sued  oxidizer^  respectively. 

Under  this  condition,  the  amount  of  the  products  of  complete  com¬ 
bustion  for  the  fuel  mentioned,  when  a  «  1,  will  be: 


1)  according  to  computation  per  kmole 

kmole/kmole. 


(6.8) 


where  M^q  ■=  c^j^  +  X^^Cg  is  the  number  of  kmole  of  c6u*bon  dioxide;  < 

■  0.  +  2(mg  +  Xp^ni^)]  is  the  number  of  kmole  of  water  vapor; 

and  Mjj  =0.  +  X^^ng)  is  the  number  of  kmole  of  molecular  nitrogen; 

2)  according  to  coB?)utatlon  per  kg 

0,“Oco.+Oh/)+Om.-Eu,  kg/kg,  (6.9) 

vdiere  Q^q  ■  ll/3(Cg  +  XqC^)  is  the  amount  of  carbon  dioxide; 

Ojj^Q  ■  ^®o^  amount  of  water  vapor;  (6.10) 

OU  -  Ng  +  Vo  is  the  amount  of  molecular  nitrogen. 

Here  Cg,  Hg,  Ng  and  C^,  H^,  and  are  the  weight  fractions  of  the 
elements  in  1  kg  of  ccmibustible  and  oxidizer,  respectively;  and  Xq  Is 
the  stolchlometrlcal  weight  coefficient  for  the  fuel  composition. 


vdiere  U 


COg  ■ 


If  we  know  the  weight  composition  C^,  H^,  and  of  the  elements 
in  1  kg  of  fuel,  the  weight  of  the  sepeu'ate  components  for  the  products 
of  combustion  of  this  fuel,  when  a  ■  1,  may  be  determined  in  accord¬ 
ance  with  the  formulas: 

Sqq  -  011/3)0^  kg/kg,  g„  Q  -  9H^  kg/kg,  and  gjj  -  kg/kg, 

2  ^  2  (6.11) 

thus 


gco,+gh/)+fi».“'h 

If  a  ^  1  and  there  is  no  dissociation,  there  will  also  be  excess 
oxygen  in  the  composition  of  the  products  of  combustion  for  a  given 
unit  of  fuel  to  the  amount  of: 


*[Subscript  t  -  toplivo  >  fuel. ] 


-  321  - 


■wiMwimni 


Afo.=o,-(  +2c,  +  0.5h,)lanole/kinole,  (6. 12) 

or 

«o.=0,-(-|-C,+8H,)kg/lcg,  (6.13) 

where  and  Og  are  the  numbers  of  atoms  of  oxygen  in  1  kmole  of  com¬ 
bustible  and  oxidizer,  respectively;  and  0^  Is  the  amount  of  oxygen, 
by  weight.  In  1  leg  of  fuel. 

The  weight  of  the  products  of  caaabustlon  from  1  kmole  of  combus¬ 
tible  is  equal  to 

+  1  Xl.  ( +1 8*0  • 

=i‘r+ V.+18K+*OKg/lanoli,  (6. 14) 

or 

+X»— Kg/kmole,  (6.15) 

%  H 

Since,  previously  stated, 

i»,+ andi»o+ 

•r  ^ 

where  Is  the  molecular  weight  of  the  1-th  gas  in  the  mixture. 

The  following  Interdependent  functions  exist  between  the  param¬ 
eters  of  each  i-th  gas  In  a  mixture  of  any  composition  and  the  param¬ 
eters  of  the  mixture  as  a  whole: 


a,  y,  r,  ‘v, 

It «  -  J 

Vm  Oulu  Ou  T#  *'  T.  P,  M,  I 


2i«ni 

S4S 


^  *r  - 


(6. 16) 


(6. 17) 


-  322  - 


The  subscript  "k"  In  letter  symbols  shows  that  the  parameters  of 
the  gas  mixture  In  the  given  case  refer  to  the  engine  combuatlon 
chamber. 

If  we  know  the  composition  of  the  products  of  complete  combustion 
of  1  kmole  or  1  kg  of  fuel  vdien  a  >  l  and  there  are  no  heat  losses,  we 
may  determine  the  Ideal  temperature  of  these  products,  using  one  of 
the  following  equations  of  the  balance  of  energy: 


kcal/kg 

(6. 18) 

(6. 19) 

where  Is  the  given  fuel's  energy  content;  Is  the  lowest  stoichio¬ 
metric  calorific  value  of  this  fuel;  and  Is  the  energy  content  of 
the  1-th  gas  In  the  mixture  In  kcal/kmole. 

The  Ideal  temperature  for  the  products  of  fuel  coirtbustlon  when 
a  B  1  and  there  are  no  heat  losses  would  be  the  temperature  value  at 
which  the  magnitudes  for  the  thermodynamic  energy  contents  or 
the  molecular  specific  heats  (M'Cp)j^  of  the  different  gases  In  the  mix¬ 
ture,  t€dcen  from  the  tables,  would  satisfy  the  equations  of  the  balance 
of  energy  given  above. 

In  practice,  fuel-combustion  cycles  In  chambers  occur  when 

a  ^  1  and  at  very  high  temperat\u?es ,  as  a  result  of  which  the  products 
of  combustion  dissociate  considerably,  with  the  loss  of  a  significant 
amount  of  heat.  This  heat  loss  Is  equivalent  to  the  chemical  energy  of 
the  products  of  dissociation  which  are  formed  (generally  CO,  OH,  0,  H, 
NO,  and  N  gases)  and  Is  usually  considered  In  the  thermodynamic  calcu¬ 
lations  for  the  engine  chamber. 

In  the  majority  of  cases,  we  perform  the  thermal  computations  fora 

for  various  pressures  In  the  combustion  chaniber  and  various  ex- 
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cess  oxidizer  coefficients  In  the  fuel  so  that  we  may  select  optimum 
values  later  on. 


C 


SECTION  6.  DETERMINING  THE  ENERGY  CONTENT  OP  PRODUCTS  OP  PUEL  COM¬ 
BUSTION 

The  amount  of  energy  contained  in  a  unit  of  weight  of  the  prod¬ 
ucts  of  combustion  for  a  given  fuel  In  cycles  with  constant 
pressure  is  called  the  energy  content  of  the  products  of  fuel  combus¬ 
tion. 

The  energy  content  1^^  of  the  products  of  physically  complete  com¬ 
bustion  for  a  given  fuel  in  an  engine  combustion  chamber,  at  the  cor¬ 
responding  temperature  T^,  consists  of  thermal  energy  chemical 

energy  and  the  kinetic  energy  developed  by  the  motion  of 

these  products,  l.e.,  +  I^^  + 

In  present-day  combustion  chambers,  gas  velocity  Is  negli¬ 
gible,  and  therefore  one  may  assume  “  0  and  consider  that  Ij^  » 

*  ^tepl  ^dls* 

This  sum  of  energies  Is  sometimes  called  the  enthalpy  of  the 
products  of  fuel  combustion. 

Due  to  a  high  value  of  T^^,  the  energy  developed  by  gas- 

molecule  vibrational  motion  is  a  major  fraction  of  the  enthalpy, 
and  gas-dlssoclation  energy  I^-gp^  1®  ®  relatively  smaller 
portion,  whose  value,  for  a  given  fuel,  is  a  function  of  the  pressure 
p^  In  the  combustion  chamber  and  the  excess  oxidizer  coefficient  a. 
The  higher  Tj^Jssta  given  pj^,  the  greater  is  As  Increases,  the 

value  of  I^^g  decreases. 

To  plot  the  enthalpies  for  gases  formed  during  fuel  combustion. 


Tenji  ■‘■tepl  ■‘■teplovaya 


flHC 

^KMH  “  ^kln  “  ^klnetlcheskaya 


thermal * 
I. 


dls  dlssotslatslya  dissociation' 


^kinetic’  ^ 
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we  use  a  system  In  which  the  enthalpies  of  gases  Og,  Hg,  Ng,  Pg,  Clg, 
and  C  are  assvuned  as  equal  to  zero  at  a  ten^erature  of  20°C. 

The  energy  contents  of  gases  at  a  given  temperature  are  given  In 
Appendix  I. 

We  determine  the  energy  content  of  products  of  fuel  combustion  by 
the  following  formulas: 

1)  molar 

kcal/kmole,  (6.20) 

since  the  number  of  moles  (M^)  of  the  i-th  gas  In  the  mixture  = 

*  (VPk)PtJ 

2)  weight 

4 

Vp/,  kcal/kg,  (6.21) 

where  p^  is  the  partial  pressure  of  the  i-th  gas  In  the  mixture.  In 
atm  abs;  Is  the  energy  content  of  this  gas  in  the  mixture.  In 
kcal/kmole;  Is  the  number  of  kmole  of  the  products  of  combustion 
from  1  kmole  of  combustible;  euid  molecular  weight 

of  these  products. 

Computation  of  the  energy  content  of  a  fuel  and  the  products  of 

Its  combustion  must  be  carried  out  by  using  this  coordinate  system. 

Example  1.  Determine  the  enthalpy  of  the  products  of  combustion  of 

kerosene  with  liquid  oxygen  when  a  »  0. 8;  Pj^  ■  ^0  atm,  p^  ■  1  atm,  and 

»  12.432;  p„  -  2.852; 
"2 

Pjj  "  275#  Pqh  *  2.632;  Pqq  *  12.187;  Pqq  “  6.5135  Pq  “  !•  324,  and 

Pq  »  0. 785  atm. 

Solution. 

1.  Molecular  weight  of  the  given  gas  mixture 


“  3600®K;  the  composition  Is  as  follows: 


^HgO 
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I*.- —  -“(IS.  12.432  +  2  2.852+ 1.1,275 -f 

Pft  40 

+  17-2,632  +  28.12.187  +  44-6.513  +  32-1,324  +  16-0,785)  -  23,^68. 

2.  Enthalpy  of  this  gaa  mixture 

2,852-26649,6  + 

+  1,275-68510,0+ %682.86913,7  + 12,187. 133M  + 

+  6,513 (-48 212,2)  +  1,324.29287JI  +  (^85.75710,0]  -  — 189,0  kcal/kg. 

SECTION  7.  THE  ESSENCE  OF  CHAMBER  THERMODYNAMIC  DESIGN 

chamber  thermodynamic  design  consists  of  the  determination 
of  the  composition,  temperature,  and  other  parameters  of  the  products 
of  fuel  combustion  In  the  combustion  chamber  and  In  the  nozzle  outlet 
section,  the  exhaust  velocity,  and  the  specific  thrust,  from  which 
we  compute  the  basic  geometrical  dimensions  of  the  combustion  chamber 
and  chamber  nozzle  as  well  as  the  volumes  of  the  engine  fuel  tanks. 

Thermodynamic  computations  for  engine- chamber  combustion  cycles 
and  gas  outflows  from  nozzles  are  usually  based  on  the  following 
assumptions: 

1.  Fuel  combustion  Is  entirely  completed  In  the  combustion  chamber 

and  proceeds  at  a  constant  pressure,  which  Is  valid  vdien  ^  5* 

2.  The  products  of  fuel  combustion  at  the  end  of  the  combustion 
chamber  are  a  dissociated  gas  mixture.  In  a  state  of  complete  chemical 
and  energy  equilibrium  corresponding  to  the  given  pressure  In  the  com¬ 
bustion  chamber  and  the  temperature  which  has  been  established  therein. 

3.  The  excess  oxidizer  coefficient,  vrtilch  Is  characteristic  for 
the  chemical  c<xiqposltlon  of  the  products  of  fuel  combustion.  Is  the 
same  across  a  cross  section  of  the  combustion  chamber  and  does  not 
change  throughout  the  length  of  the  nozzle. 

4.  The  kinetic  energy  of  the  products  of  combustion,  during  their 
motion  In  the  coaibustlon  chamber.  Is  negligible  In  coiiq;)arlbon  to  the 
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enthalpy  of  the  gasee^  and  la  therefore  assTimed  to  be  equal  to  zero. 

3.  As  the  products  of  fuel  combustion  flow  In  the  chamber  nozzle , 
a  complete  equilibrium  change  In  the  thermodynamic  state  emd  conqposl- 
tlon  of  the  gases  takes  place  In  accordance  with  the  change  In  pres¬ 
sure  auid  temperature. 

6.  There  Is  no  gas  friction  against  the  surface  of  the  chamber- 
nozzle  liner  and  no  heat  transfer  to  t^he  liner. 

7.  The  gas  stream  In  the  engine  chainber  nozzle  Is  Isentroplc, 

1. e. ,  It  occurs  at  a  constant  value  of  entropy;  since  the  reactions  of 
combustion  are  entirely  completed  In  the  combustion  chamber,  there  Is 
no  fuel  combustion  In  the  surrotindlng  medium  or  heat  transfer  from  the 
gas  to  the  surrounding  medium. 

8.  The  gas  stream  In  the  chamber  nozzle  Is  also  unldlmenslonal 
and  steady. 

The  first  four  conditions  mentioned  are  assumed  on  the  basis  of 
the  determination  of  the  temperature  and  composition  of  the  products 
of  combustion  In  the  engine  combustion  chamber,  and  the  four  latter 
assumptions  describe  the  schematlzatlon  for  the  process  of  gas  outflow 
from  the  chamber  nozzle. 

The  basic  Initial  data  for  thermodynamic  design  of  an  engine  are 
usually  the  following: 

1)  the  engine's  absolute  nominal  thrust; 

2)  the  engine's  designation  amd  operating  progreun; 

3)  the  characteristics  of  the  combustible  £uid  oxidizer; 

4)  the  pressure  of  the  gases  In  the  engine  combustion  chamber  and 
In  the  nozzle  outlet  section. 

The  parameters  and  magnitudes  which  are  missing,  when  designing 
an  engine,  are  selected  In  the  process  of  the  appropriate  conq;)uta- 
tlons,  starting  from  the  engine  operating  conditions,  and  Its  economic. 
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structural,  and  other  considerations. 

Sometimes  the  type  of  fuel  is  not  given;  we  then  select  it  in  ac¬ 
cordance  with  the  engine  operating  conditions  euid  considerations  of 
efficiency,  cost,  simplicity  of  engine  operation,  obtaining  the  best 
flight  characteristics  for  the  weapon,  and  so  forth. 

The  correct  selection  of  parameters  for  designing  an  engine  pre¬ 
sents  great  practical  difficulties,  since,  so  far,  few  e:q)erlmental 
data  have  been  accumulated  concerning  this  problem.  For  some  parameters, 
we  may  succeed  in  establishing,  with  a  small  error,  their  limitations 
of  possible  change  for  each  specific  case  by  means  of  con^tatlon 
methods,  or  we  may  ascertain  the  nature  of  their  effect  on  the 
basic  operating  characteristics  of  the  engine,  which  facilitates  com¬ 
putations  considerably. 

In  the  majority  of  cases,  an  engine  thermodynamic  computation 
is  performed  for  several  different  pressures  in  the  combustion  chaln- 
ber  and  excess  oxidizer  coefficients  in  the  fuel.  Later  on,  we  use 
the  optimum  value  of  these  factors  for  computing  the  engine  to  the 
second  approximation,  allowing  for  the  missile's  characteristics. 

We  usually  design  an  engine  in  accordance  with  a  given  operating 
regime,  in  the  following  order. 

1.  We  determine  the  composition  and  temperature  of  the  products 
of  fuel  combustion  in  the  combustion  chamber  and  in  the  nozzle  outlet 
section,  the  exhaust  velocity  and  specific  thrust,  the  gas-pressure 
impulse  in  the  combustion  chamber,  and  the  mean  exponent  of  the  adia¬ 
batic  process  of  gas  outflow  from  the  combustion  chamber  nozzle  (in 
accordeuice  with  the  equation  associating  pressure  and  the  specific 
volume  of  gases). 

2.  We  determine  the  basic  geometrical  characteristics  of  the  com¬ 
bustion  chamber  and  nozzle  (volume,  diameter,  and  length  of  conibustion 
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chamber 4  diameter  of  the  critical  section  [throat]  and  outlet  section, 
and  the  length  of  the  nozzle,  combustion- chamber  shape,  and  nozzle 
profile). 

3.  We  perform  the  computations  and  construct  the  curves  charac¬ 
terizing  the  change  In  gas  parameters  as  a  function  of  pressure  In  the 
combustion  chamber  and  excess  oxidizer  In  the  fuel. 

4.  We  perform  the  computations  and  construct  the  curves  charac¬ 
terizing  change  In  gas  parameters  throughout  the  length  of  the  engine 
chamber  nozzle. 

Later  on,  we  may  compute  and  construct  the  curves  for  the  throttle 
and  altitude  characteristics  of  the  engine, select  Eind  design  the  fuel- 
atomlzlng  unit,  the  cooling  system  for  the  combustion  chamber  and  noz¬ 
zle,  and  the  propellant- feed  system,  and  perform  the  engine  strength 
computations. 

An  engine's  thermodynamic  design  may  be  carried  out  both  by  ana¬ 
lytic  and  graphic  methods.  The  graphic  method  Is  based  on  the 
use  of  entropy  diagrams  which  were  constructed  earlier.  The  analytic 
method  Is  used  In  cases  vdien  one  must  design  either  one  or  a  small 
number  of  engines  and  the  graphic  method  when  It  Is  necessary  to  de¬ 
sign  a  large  series  of  engines  using  the  same  fuel. 

Altho\igh  the  thermodynamic  designing  of  em  engine  by  the  graphic 
method  (by  using  entropy  diagrams)  Is  somewhat  faster  than  the  analyt¬ 
ic  method,  constructing  the  required  diagrams  (if  they  are  not  al¬ 
ready  available)  requires  a  great  ejqpendlture  of  time. 

In  designing  a  a  number  of  the  problems  we  have  mentioned 

must  be  solved  as  a  unit,  since  only  under  this  condition  may  we 
correctly  evaluate  and  select  the  optimum  parameters,  perform  the  re¬ 
quired  calculations  for  the  engine,  and,  subsequently,  produce  the 
most  practicable  engine  design. 
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SMOncm  8.  WASZQKS  07  TRB  CONSZMTS  07  BQDILIBRlim  07  (US- 

SESSOCZATZON  IBACTZOIVS  AMD  BQVAnONS  07  MATERIAL  BALANCE 

Wi  tta«  th«  •tttBtloiui  of  th»  constant  ■  of  •attlllbrluB  of  gas- 
dlssoolatlon  psaetlons  and  ^  aquations  of  aatarlal  balance  (the 
aqualltT  between  the  weights  of  the  separate  elements  In  the  fuel  and 
In  the  fuel’s  products  of  combustion)  to  determine  the  theoretical 
temperet\ire  and  composition  of  the  products  of  fuel  combustion  In  a 
cembustlon  ehemiber  or  In  an  englne-nossle  outlet,  we  will  therefore 
bitmflp  consider  these  equations. 

A  fuel,  which  consists  chiefly  of  carbon  C,  hydrogen  H,  oxygen  0, 
and  nitrogen  N,  burns  at  a  high  temperature  In  a  combustion  cham¬ 

ber.  The  products  of  fuel  combustion  thus  obtained  dissociate 
considerably  and  may  consist  of  the  following  gases:  COg,  CO,  HgO,  Hg, 
OH,  H,  Og,  0,  Ng,  NO,  and  N.  If  the  fuel  contains  other  elements,  the 
composition  of  Its  combustion  products  will,  accordingly,  be  different 

The  weight  content  of  each  of  these  gases  In  the  mixture  Is  a 
function  of  temperature  and  pressure  and  may  be  expressed  In  the  form 
of  partial  pressures.  To  determine  n  partial  preasures  of  the  gases, 
we  must  have  n  equations. 

The  dependence  of  the  composition  of  products  of  fuel  combustion 
on  temperature  Is  quite  marked,  since  as  temperature  Increases  gas 
dissociation  Increases  considerably  and  when  It  decreases  gas  dlssocla 
tlon  also  decreases.  Pressure  has  a  smaller  effect  on  the  composition 
of  the  products  of  combustloiv  as  an  Increase  In  pressure  somewhat  sup¬ 
presses  gas  dissociation  and  Increases  the  amount  of  the  product*  of 
complete  combustion. 

At  given  values  of  temperature  and  pressure,  a  state  of  chemical 
equilibrium  may  be  established  between  the  different  components  of  the 
products  of  fuel  combustion.  When  temperature  or  pressure  changes. 


Fig.  6.8.  Dissociation  of  CO2  and 
H2O  as  temperature  rises.  1)  Expan¬ 
sion  In  2)  maximum  200^;  3)  ex¬ 
pansion  In 

this  state  of  equlllbrl\im  Is  disrupted,  and  the  products  of  combustion, 
changing  their  composition,  change  to  a  new  state  of  chemical  equlllb- 
rltim.  Figure  6. 8  shows  the  computed  curves  for  the  change  In  volvune 
content  of  the  gases  In  the  products  of  combustion  of  kerosene  (C  « 

o 

=  0.87  and  Hg  =  0. 13  kg/kg)  with  oxygen,  when  a  =  0.86  and  pj^  ■  10  atm 
abs,  as  a  function  of  temperature. 

The  curves  show  that  If  the  combustion  temperature  Is  lower  than 
2500®C,  one  may  neglect  the  dissociation  of  the  molecular  gases  of 
oxygen,  hydrogen,  and  nitrogen,  as  well  as  NO  formation,  when  perform¬ 
ing  technical  computations.  At  a  temperature  lower  than  1500°C,  dis¬ 
sociation  Is  so  Inslgnlflceuit  that.  In  technical  computations,  a  gas 
whose  temperature  Is  below  1300^0  may  be  considered  as  undlssoclated. 

COg  dissociation  begins  at  a  temperature  of  about  1300^0  (see 
Fig.  6.8a),  and  at  about  2000®C  almost  lOJ^  of  the  COg  has  decomposed  to 
CO  and  Og.  At  2200^0  the  decomposition  of  molecular  oxygen  Into  atoms 
becomes  considerable.  When  tenperature  Is  Increased  further,  dissocia¬ 
tion  Increases  rapidly.  At  2300^0  almost  half  of  the  original  COg  Is 
dissociated.  At  3000^C  the  amount  of  molecular  oxygen  Og  attains  max- 
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Fig.  6.9*  Composi¬ 
tion  of  products  of 
combustion  of  a  hy¬ 
drocarbon  combus¬ 
tible  with  oxygen  at 
various  temperatures. 
1)  Liquid  hydrocar¬ 
bon  fuels;  2)  pure 
oxygen. 


iraum  magnitude,  and  at  even  greater  tempera¬ 
tures  the  gas  will  consist  almost  entirely  of 
CO  and  atomic  oxygen  0. 

Because  of  this  molecular  decomposition, 
the  products  which  have  been  formed  expand 
considerably,  1. e. ,  besides  expansion  as  a 
result  of  temperature  changes^  expansion  as  a 
consequence  of  the  chemical  change  of  state 
of  the  product  also  occurs. 

The  corresponding  picture  of  HgO  dis¬ 
sociation  (see  Fig.  6.8b}  is  analogous  to 
what  we  have  considered,  but  is  complicated 
by  the  earlier  appearance  of  hydroxyl  OH  and 


by  molecular  hydrogen  breaking  up  into  atoms.  Here,  Hg  and  OH  appear 
in  almost  equal  amounts  along  the  entire  temperature  range. 

The  curves  of  these  graphs  show  that  atomic  products  become 
noticeable  even  at  a  ten^erature  of  about  2000^0  and  at  2500®C  attain 
an  order  of  15^. 

Figure  6.9  shows  the  composition  of  products  of  combustion  of  a 
liquid  hydrocarbon  combustible  with  oxygen.  Computations  show  that  for 
hydrocarbon  combustibles,  atomic  products  may  be  about  20$^  of  the 
total  volume  of  the  products. 

The  change  in  chemical  ccanposltlon  of  the  products  of  fuel  com¬ 
bustion  as  a  function  of  temperature  may  be  characterized  by  the  ap¬ 
propriate  equations. 

We  will  consider  these  equations  for  a  case  in  which  the  fuel 
consists  of  the  elements  C,  H,  0,  and  N,  since  this  case  is  most  char¬ 
acteristic  for  the  fuels  used  in  at  the  present  time. 

The  general  equation  of  chemical  reaction,  as  a  result  of  which 
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initial  substances  A  and  B  change  to  products  C  and  D,  and  the  reverse, 
has  the  form 

aA’^bBz:ieC-\-dD,  (6. 22) 

where  a,  b,  _c,  and  d,  are  the  numbers  of  molecules  of  the  correspond¬ 
ing  substances  which  participate  In  the  elementary  event  of  the  chem¬ 
ical  reaction. 

At  given  values  of  tenders ture  and  pressure,  the  chemical  reac¬ 
tion  occurs  In  both  directions  at  a  different  rate,  the  magnitude 
of  which  Is  a  function  of  the  partial  pressures  of  the  reacting  gases. 

The  rate  at  which  the  forward  chemical  reaction  (formation  of 
products  of  fuel  combustion)  takes  place 

(6. 23) 

and  the  rate  for  the  reverse  chemical  reaction  (the  dissociation  of 
combustion  products)  will  be 

V.^K^cPi,  (6.24) 

where  and  Kg  are  the  constants  for  the  rates  of  the  chemical  reac¬ 
tions,  and  p^,  Pg,  Pq,  and  are  the  partial  pressures  of  the  reacting 
gases. 

An  equlllbrliun  between  the  forward  eind  reverse  chemical  reactions 
Is  established  upon  condition  of  equality 

or  (6.25) 

The  ratio  of  the  constants  of  the  rates  at  which  forward  and 


be  characterized  as  the  totality  of  the  equations  of  reactions  of  dis¬ 
sociation  and  constfimts  of  equilibrium  shown  In  Table  6.1  (aee  page  335). 

For  computing  products  of  fuel  combustion,  an  equation  obtained 
by  subtracting  Eq.  (6-28),  contained  in  this  table,  from  Eq.  (6-1)  [sic] 
is  convenient,  i.e., 

CO,+Hj=iCO-f-H*0+36^  bal/mole, 

for  which  the  equation  of  the  constant  of  equilibrium  has  the  form 

(6-  34) 

PcOtPHt 

Where  T  Is  the  absolute  temperature.  In  °K,  at  which  an  equilibrium  of 
the  chemical  reaction  occurs. 


It  Is  easy  to  see  that  the  value  of  the  square  root  of  Is 
general  for  the  majority  of  the  qonstants  of  equilibrium  shown  In 
Table  6.1,  namely: 


A»  /M,  VPh^  Y  ^9* 


(6. 35) 


From  this  equality  It  follows  that  one  constaint  of  equilibrium 


may  be  replaced  by  another,  for  example: 

K  — PufiPoo  If  PvqPco  PqPco 
**  ^  ^.^co,  ^PcotVPn,  Poo,  y 


(6.36) 


The  values  of  the  corresponding  constants  of  chemical  equilib¬ 
rium  for  the  products  of  fuel  combustion  depend  only  on  tenq;>erature 
and  may  be  taken  from  the  tables  (see  Appendices  II  auid  III)  for  com¬ 
putations.  vrhen  forward  reactions  are  the  reactions  of  dissociation, 
the  values  of  the  constants  of  equlllbrltun  Increase  with  a  rise  In 


teniperature. 

Analytical  determination  of  the  values  of  as  a  function  of 
taq)erature  Is  attended  with  great  difficulties  since  to  do  this  one 
must  know  the  change  In  the  system  energy  as  the  chemical  reaction 


*[Kp  “  Kj,  ■  ^avnoveslye  "  ^equilibrium*  ^ 
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(J 


TABLE  6. 1 

VpaBHeHii*  peaKu.iitt  AHccoitMamiH 
raaoB  c  yKasaHueii  XMMHiecxHX 
tHtpruk  a  koaJkmom 

ypaiHCHiin  KOHCraHT  paBHoaecHa  peaxitHN 
.  AHccouHaK’id  rauB 

B) 

CO»;±CO-H>.SOri 

(8.27, 

^co. 

H,O;:»rf0;SOH-57.7B5 

(8.2|t 

(a2»> 

fMfi 

NrfO]S±2NO^31A)0 

Afpa-  — /«(r>.  («.ao> 

Pii,Po, 

Hi;i3H4«2J0e 

(131) 

Po, 

Ni;*3N4-llAS00 

(AH' 

Pn, 

*5?  reactions  of  gas  dlssoola- 
tion.  Indicating  the  chemical  energies  in 

2)  equations  of  constants  of  equi¬ 
librium  of  reactions  of  gas  dlsi^oclatlon. 


takes  place,  as  well  as  a  number  of  magnitudes  which  are  characteris¬ 
tic  of  the  gas  molecules.  We  may  define  the  values  of  with  greater 
precision  in  accordance  with  the  degree  to  which  we  study  this  problem. 

Therefore,  in  computations,  one  should  approximate  to  the  later,  more 
precise  results. 

The  equations  of  material  balance  equate  the  amotints  of  the  dif¬ 
ferent  elements  in  the  fuel  before  combustion  to  their  amounts  in  the 
products  of  combustion  of  this  fuel. 

If  1  kg  of  ordinary  fuel  consists,  as  a  general  rule,  of  the  ele¬ 
ments  Cg,  Hg,  Og,  Ng,  Hq,  Oq,  and  by  weight,  the  weight  frac¬ 
tions  of  each  of  these  elements  may  be  determined  in  accordance  with 
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the  foxmilas; 

a)  carbon 


C,-^!j^lcg/lcg; 

b)  hydrogen 

kg/kg; 

c)  oxygen 

kg/kg; 

d)  nitrogen 

hg/kg, 

*+x 

where  +  0^  +  »  1  kg. 

Thus,  the  equations  of  material  balance  for  the  fuel  elements 
will  have  the  form: 


</»«>. +/»ca) kg/kg;  (6.  37) 

(2/»h^+2/»m,  +/»oM^/»M)kg/kg;  (6. 38) 

*"^1  +^CO+^M/)  +^0H  +  2^  + 

+;»o+^«o)  kg/kg;  (6. 39) 


To  exclude  the  unknown  quantity  2^X4 Pi  from  these  equations,  one 

1  ^  ^ 

must  divide  them  term  by  term  by  one  of  these  same  equations. 

If,  for  example,  we  divide  Equations  (6. 37)«  (6.38),  and  (6.40) 
by  Eq.  (6.30)  [sic,  probably  (6.39)],  we  obtain  equations  of  material 


balance  In  the  following  forms: 

_ ^.'*^^00 _ 

Of+xP*  l«*/co,+/co+'H/>+^oii  +  *A)b+/o+^ii** 

Ht  _ ‘riio+2/>H.4-/>oH+^M _ . 

O,  Of  +  xO*  *•  2^CO,+^CO+^H.O  +/’o+^NO 


(6.41) 

(6.42) 


t 


Nt  ^Nf  +  yNn  ^  14  _ _  _ 

Or  0,+xOo  ^^^Pfo,^-Pcia'^f**ifi^PaH'^^Po,+Po+Pyn  (^*^3) 

If  a  fuel  contains  water  before  combustion^  as  a  general  rule  the 
following  number  of  atoms  of  the  different  elements  are  contained  In 

the  fuel  (by  computation  per  kmole  of  combustible): 

a)  carbon:  c^  + 

b)  hydrogen:  h^^  +  aX^hg  +  2(mg  + 

c)  oxygen:  o^  +  ax^Og  +  nig  +  aX^m^; 

d)  nitrogen:  n^  + 

and  equations  of  material  balance  may  be  expressed  In  the  following 


manner: 


Ct  ^  __ 

Of  0i  +  »i|.  +  «x^(0i+iO 

_ _ f^j±£s& _ _ _ ; 

^PCOt  +/’cO  +  ^Po,+Po  +^I»0 

Hf  ’  ‘>|  -f  ^ +  «»»(»»» +  ««o) 

Of  Oi  +  *r  +  *X^(Ot  +  *«) 

, _ ^Pn,o ^Pn,  ^Pqh'^Ph _ . 

S/co,  +/’co  +^H,o  +/oH  ■*■  ^■^Ot  ^^iio  * 

Nr  ^  ^ 

Of  Oi +«if +  «/^(0s  +  «*) 

.  iPn.-i-Pno-^Pn 

^Pco,  '^Poo’^PUfi  "^PoH  "t"  ■*■^0  ■*'^N0 


(6.41*) 

(6.42') 

(6. 43') 


If  the  fuel  does  not  contain  nitrogen,  Eqs.  (6. 30)  and  (6.33)  are 
not  necessary,  and  Eqs.  (6.4o)  or  (6.42)  emd  (6.43)  are  simplified. 


SECTION  9.  DETERNININO  THE  IHSORETICAL  TEMPERATURE  AND  COMPOSITION  OF 
PRODUCTS  OF  PUEL  COMBUSTION  IN  A  COMBUSTION  CHAMBER 

We  detexmilne  the  theoretical  temperature  and  the  composition  of 
fuel  combustion  products  corresponding  to  It  at  a  given  pressure  In 
the  combustion  chamber  In  accordance  with  the  following  system  of 
equations : 

1)  the  equations  of  constants  of  equilibrium  (6. 27) -(6. 33); 

2)  the  equations  of  material  balance  (6. 37)  *-(6.40)  or  (6. 41)  >(6.43); 
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3)  the  equation  of  balance  of  partial  pressures  for  products  of 
fuel  combustion  (gases); 

“PcO,  +  Pwfi'^PcO  +/’n,  +/'h,  "^POt  +/’OH  + 

+/’no  +/'h  +/’o:+^j«i  (^* 

4)  the  equation  of  equal  enthalpies  of  a  fuel  and  the  products  of 
fuel  combustion  (equation  of  conservation  of  energy): 

/,-=/.=— f^Pt  kcal/kg,  (6. 45) 

VtPt. 

where  Is  the  enthalpy  of  1  kmole  of  the  1-th  gas  in  the  inlxture>- 
from  the  table  (see  Appendix  I);  and  Is  the  apparent  molecular 
weight  of  the  products  of  fuel  combustion,  determined  by  using  the 
formula 

(6.46) 

here  Is  the  molecular  weight  of  the  1-th  gas  In  the  mixture. 

Computations  for  determining  partial  pressures  suid  temperatures 
of  the  gases  In  an  engine  combustion  chamber  are  most  frequently  car¬ 
ried  out  In  the  following  meuiner. 

1.  We  select  three  values  of  assumed  gas  tenqperatures  (T^^' 

and  Tj^^)  In  the  combustion  chamber  and  determine  the  partial  pressures 
p^  of  the  different  gases  In  the  mixture  corresponding  to  the  tempera¬ 
tures  by  using  Eqs.  (6. 27) -(6. 44). 

2.  We  compute  the  enthalpies  Ij^2*  gases  In 

the  combustion  chamber  at  these  temperatures  and  at  the  values  of  p^ 
which  we  have  found,  by  using  Eq.  (6.45). 

3.  By  means  of  the  three  computed  points,  we  construct  a  curve  of 
as  a  function  of  (Fig.  6. 10) ,  and  by  means  of  It  locate  the  un¬ 
known  theoretical  tenqperature  of  the  gsuses  In  the  engine  combustion 
chamber  (when  fuel  burns  to  a  chemical  state  of  equilibrium  of  the 

-  338  - 


conqpoBltlon  of  the  gases,  a  ten^jerature 
must  be  established  at  which  the  en¬ 
thalpy  of  the  gases  Is  equal  to  the 
enthalpy  of  the  burning  fuel). 

4.  We  determine  the  theoretical 
composition  of  the  products  of  fuel  com¬ 
bustion  at  the  temperature  Tj^  found,  by 
means  of  Eqs.  (6. 27) -(6. 44)  or  by  graphic 
Interpolation  of  the  values  of  pj,  which 
were  computed  earlier  at  the  three  selected  values  of  temperature;  the 
latter  are  used  for  constructing  the  corresponding  curves  of  p^  as  a 
function  of  ^3*  locate  the  theoretical 

values  of  p^  corresponding  to  temperature  Tj^  by  using  these  curves. 

5.  Finally,  we  determine  enthalpies,  molecular  weights,  gas  con¬ 
stants,  and  other  theoretical  parameters  for  the  products  of  fuel  com- 
bustlon  at  thia  same  tei.*ierature  (Pigs.  6.11-6.23). 

We  may  also  approximately  determine  the  actual  ten?)erature  of  the 
gases  In  the  engine  combustion  chamber  by  using  the  curve  In  Pig.  6. 10 
If  we  reduce  the  calorific  values  of  the  combustible  and  oxidizer, 
having  multiplied  them  by  the  coefficient  9p  of  physical  conqplete- 
ness  of  fuel  combustion,  when  computing  the  fuel  enthalpy. 

The  rated  values  of  the  theoretical  gas  tenqperatures  In  the  com¬ 
bustion  chamber  eu?e  selected  by  using  the  computed  tables  (5*20  and 
5.21)  or  the  curves  In  Pigs.  6.11-6.17. 

One  must  bear  In  n\Lnd  that  gas  temperature  In  a  gjQg  combustion 
chamber  Is  chiefly  a  function  of  the  type  of  propellant  components, 
their  ratio  to  each  other  (the  excess  oxidizer  coefficient),  and  the 
pressure  In  the  c(»)bvistlon  chamber. 

There  are  several  methods  for  solving  the  system  of  equations 


Fig.  6. 10.  Determining 
tenqperature  and  entropy 
of  the  gases  In  an  engine 
combiistlon  chamber.  1; 

Ij^,  kcal/kg;  2)  Sj^, 

kcal/lcg°C. 
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Pig.  6. 11.  Change  In  composition  for  products 
of  combustion  of  tractor  kerosene  with  nitric 
acid  of  96^  concentration  as  a  function  of  the 
excess  oxidizer  coefficient,  l)  p^,  kg/cm^; 

2)  Pjj  “  20  atm  abs. 


Fig.  6. 12.  Tenq;>era- 
ture  of  products  of 
combustion  of  kero¬ 
sene  and  965^  nitric 
acid  at  veu^lous  val¬ 
ues  of  X  with  a  pj^  of 

10-40  atm  abs. 


Fig.  6. 13.  Temperature 
of  products  of  combus¬ 
tion  of  kerosene  auid 
8m  oxidizer  consisting 
of  60f(  HNOg  of  98^  con¬ 
centration  emd  205^  NgOj^ 

at  vemlous  values  of  x 
and  pj^.  1)  Pjc  ■  40  atm 

abs. 


(6. 27) -(6. 44)  we  have  given  for  determining  partial  pressures  of  the 
products  of  fuel  combustion  at  a  selected  temperature  value  and  a 
given  pressure  In  sm  engine  combustion  chamber.  However,  successive 
approximations  are  the  roost  convenient  method,  which,  depending  on  the 
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Fig.  6.14.  Tempera¬ 
ture  of  product  of 
combustion  of  kero¬ 
sene  and  an  oxidizer 
consisting  of  60^ 
HNO^  of  985^  concen¬ 
tration  and  40^  ^2^4 

at  various  values  of 
X  and  pj^.  1)  Pjc  -  40 

atm  abs. 


Fig.  6. 16.  Tenq;>erature 
of  products  of  combus¬ 
tion  of  kerosene  and 
liquid  oxygen  at  veu?l- 
ous  values  of  x  ^uid  p^^. 

1)  Pj^  >  60  atm  abs. 


Pig.  6. 15.  Temperature 
of  products  of  combus¬ 
tion  of  Tonka -250  and 
an  oxidizer  consisting 
of  80j^  HNO^  of  98J^ 

concentration  and  20$^ 
NgO^  at  various  values 

of  X  and  Pj^.  l)  -  60 

atm  abs. 


Pig.  6. 17.  Tem¬ 
perature  of  prod¬ 
ucts  of  combus¬ 
tion  of  93. 5515 
ethyl  alcohol  and 
liquid  oxygen  at 
various  values  of 
X  and  pj^.  1)  Pj^  - 

-  60  atm  abs. 


temperature  of  the  combustion  products,  may  give  different  results, 
since  the  method,  giving  a  convergent  sequence  of  roots  In  one  case, 
makes  a  sequence  of  computations divergent  In  other  cases. 

In  solving  the  equations  by  the  method  of  successive  approxima¬ 
tions,  at  first  we  equate  the  partial  pressures  of  those  gases  whose 
percentage  content  In  the  gas  mixture,  under  given  fuel  combustion 


Fig.  6.18.  aas  con¬ 
stant  of  products  of 
comlnistlon  of  kero¬ 
sene  and  nitric  acid 
of  96$^  weight  concen 
tratlon  at  various 
values  of  X  (for 
these  combustion 
products «  R  Is  prac¬ 
tically  Independent 
of  ten^era^re).  l) 
R,  kg-m/kg°C. 


Fig.  6. 19*  Gas  con¬ 
stant  for  combustion 
products  of  kerosene 
and  liquid  oxygen  at 
veu'lous  values  of  X 
(for  these  combus¬ 
tion  products  Rj^  Is 

almost  Independent 
of  pressure).  1)  R, 
kg-m/kg^C. 


Fig.  6.20.  Gas  con¬ 
stant  for  combus¬ 
tion  products  of 
ethyl  alcohol  of 
93*  5}^  weight  con¬ 
centration  and 
liquid  oxygen  at 
various  values  of 
X.  1)  Rj  kg-m/kg®C. 


Fig.  6.21.  Heat  capacity 
for  fuel  combustion  prod¬ 
ucts  at  various  coeffi¬ 
cients  of  composition:  1) 
kerosene  +  80^  HNO^  of  90^ 

concentration  +  20^  NgO^^; 

2)  Tonka-250  +  80{g  HNO^  of 

98$^  concentration  +  2dj6 
^2®4'  kerosene  +  HNO^ 

of  96^  weight  concentra¬ 
tion.  a)  Cp,  kcal/kg®C. 


conditions.  Is  assximed  to  be  small,  to  zero,  and  compute  the  peu>tlal 
pressures  of  the  remaining  gases.  Using  the  values  of  p^  that  were 
fo\ind,  we  determine  the  partial  pressures  of  those  gases  whose  values 
at  first  were  assumed  as  equal  to  zero;  then,  using  these  values  of 
Pj,  we  compute  the  of  the  basic  gases  In  the  second  approximation. 


Pig.  6.22.  Heat 
capacity  c^,  for 

combustion  prod¬ 
ucts  of  kerosene 
and^  liquid  o^cygen 
at  various  values 
of  X  as  a  func¬ 
tion  of  tempera¬ 
ture.  l)  Cp, 

kcal/kg®C. 


Pig.  6.23.  Heat  capacity  Cp 

for  conibustlon  products  of 
ethyl  alcohol  of  93*  5}^  weight 
concentration  and  liquid  oxy¬ 
gen  at  various  values  of  x  as 
a  function  of  temperature,  l) 
c  ,  kcal/kg®C. 

A' 


These  operations  are  repeated  until  such  time  as  we  attain  the  required 
exactness  In  computing  p^,  and  by  this  means  we  satisfy  the  condition 

fpi  ■  Pk- 

If  the  difference  In  the  values  of  p^^  of  the  following  and  pre¬ 
vious  approximations  for  a  given  computation  does  not  exceed  about 
0.02  atm  abSy  the  computation  Is  completed  with  that. 

The  computations'  accuracy  may  be  checked  by  means  of: 

a)  determining  the  constants  of  equlllbrlun^  In  accordemce  with  the 
counted  p^^  and  comparing  their  values  with  the  Initial  (table)  values; 

b)  checking  to  see  If  the  equations  of  absolute  material  balance 
(6. 37)  “(6. 39)  are  satisfied  by  the  con^mted  values  of  p^^.  If  these 
equations  are  satisfied,  there  are  no  errors  In  the  conqputatlons  which 
have  been  carried  out. 

If  the  fuel  contains  nitrogen,  we  recommend  that  one  reduce  the 
partial  pressures  of  Og#  NO,  N,  0,  H,  euid  OH  gases  to  zero  In  the 
first  approximation.  Under  this  condition,  five  unknown  partial  pres¬ 
sures  of  the  basic  gases  remain,  altogether.  In  the  system  of  equations: 

PcOg*  ^0*  PCO'  ^Hg* 
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To  determine  the  values  of  these  we  use  Eqs.  (6. 4l) -(6. 44). 
Equation  (6.34)  serves  as  a  supplementary  here. 

Solving  this  system  of  equations,  we  determine.  In  the  first  ap¬ 
proximation,  the  values  of  the  partial  pressures  for  the  basic  gases 
(Pco  *  PiigO*  which  we  then  substitute  Into  Eqs. 

(6. 27) -(6. 33)  i  and  find  pressures  p^^,  p^jj,  PjjQ,  Pjj,  p^,  and  Pjj.  Later 
we  determine  the  partial  pressures  for  the  basic  gases  In  the  second 
approximation  by  using  Eqs.  (6. 4) -(6. 44). 

If  the  differences  between  the  partial  pressures  of  the  first  auid 
second  approximations  turn  out  to  be  greater  than  permitted  by  the 
design,  we  perform  the  third  approximation, and  so  forth. 

To  reduce  the  ntunber  of  approximations  at  subsequent,  higher  se¬ 
lected  values  of  assumed  temperature  (Tj^g  or  Tj^^)  combustion 

chamber,  we  recommend  that  after  the  first  approximation  one  assume 
the  con^osltlon  of  the  gases  (the  values  of  p^^^)  that  were  computed  at 
the  previous,  lower  temperature  (Tj^^. 

This  rneeuis  that,  for  example.  If  the  values  of  p^  were  determined 
at  a  tenqperature  Tj^-^  »  2800^K,  these  values  should  be  assumed  for  the 
composition  of  the  gases  In  the  first  approximation  when  computing  the 
partial  pressures  of  the  gases  at  a  temperature  Tj^g  «  3000°K,  for  ex¬ 
ample,  and  Pj^  should  be  determined  In  the  second  approximation,  then 
In  the  third,  etc. ,  until  the  desired  exactness  In  the  computation  re¬ 
sults  Is  obtained. 

If  a  divergent  sequence  of  roots  should  be  observed  In  the  compu¬ 
tations,  at  first  one  should  tsdce  the  assumed  magnitude  for  the  par¬ 
tial  pressure  of  one  of  the  gases  (for  example,  oxygen,  p-.  ),  and  then 

^2 

con^mte  the  partial  pressures  of  the  other  gases. 

VRien  there  Is  no  nitrogen  In  the  fuel,  we  recommend  the  follow¬ 
ing  order  for  solving  the  system  of  equations: 
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1)  at  temperatures  of  up  to  2300°K,  the  method  which  brings 

results  most  quickly  is  that  in  which  we  equate  the  partial  pressures 
Pq*  Ph>  Pqh^  PcO'  if  o  <  1,  or  equate  p^,  pjj,  p^jj, 

Pqq,  and  Pjj^  to  zero  if  a  >  1; 

2)  at  temperatures  from  2300  to  3000®K,  we  equate  only  pressures 

Pq*  Pij»  Pqh^  Pog  if  a  <  1,  or  equate  p^,  Pjj,  p^^,  and  Pjj^ 

to  zero  if  a  >  1; 

3)  at  temperatures  above  3000®K,  we  recommend  that  pressures  Pq, 
P|jj  Pu^j  and  Pq  be  equated  to  zero,  and  the  remaining  four  unknown 
pressures  be  located  from  Eqs.  (6. 4l)-(6,44)  and  the  equation  obtained 


by  excluding  pressures  Pq  and  Pjj^  from  Eqs.  (6. 27) -(6. 29),  1.  e. , 


(6.47) 


PcO.fHfi 

Thus,  the  computations  become  considerably  more  complex,  since 
solution  of  the  system  of  equations  leads  to  an  equation  of  the  third 
degree.  In  this  case.  It  Is  more  practicable  to  select  one  of  the  par¬ 
tial  pressures  and  solve  the  system  of  equations  for  determining  the 

remaining  values  of  p.  (preferably  to  assume  the  value  of'  Pn  )»  If 

1  ^2 

ZPl  ^  Pj^  Is  obtedned  In  the  first  approximation,  one  should  Increase 

the  selected  p^  of  the  second  approximation  in  comparison  with  p^  of 
the  first  approximation,  or  the  reverse.  If  Zp^^  >  Pj^. 

Thus,  the  system  for  the  first  ten  or  eleven  equations  for  deter¬ 
mining  p^  may  be  solved  for  several  selected  values  of  assumed  gas 
temperature  In  the  engine  combustion  chamber. 

To  determine  the  teii9>erature  of  the  gases  In  the  engine  combus¬ 
tion  chamber,  one  may  also  assume  only  one  arbitrary  assumed  value  of 
Tj^  and  determine  the  partial  pressures  of  these  gases  corresponding 
to  this  temperature  by  the  method  mentioned  above,  and  then  com¬ 
pute  the  enthalpy  of  the  gas  mixture  according  to  Formula  (6.4$). 
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If  the  value  of  that  has  been  found  does  not  agree  with  the 
enthalpy  of  the  fuel  used,  1.  e. ,  If  one  must  assume  an¬ 

other  value  of  temperature  and  repeat  the  computations  until  such 
time  as  the  equality  Xj.  Is  attained.  With  a  happy  choice  of  tem¬ 
perature  It  Is  enotigh  to  perform  two  or  three  approximations. 

The  main  difficulty  when  we  perform  these  computations,  as  before, 
is  in  determining  the  equilibrium  composition  for  the  products  of  fuel 
combustion  corresponding  to  the  selected  tenqperature  in  the  engine 
combustion  chamber. 

In  determining  partial  pressures  by  means  of  the  system  of  equa¬ 
tions  given  above,  we  ass\ime  only  real  and  positive'  roots  in  our 
computations.  The  precision  of  the  computations  may  be  limited  to  the 
third  or  fourth  decimal  place. 


SECTION  10.  METHODS  FOR  SOLVINO  SYSTEMS  OF  EQUATIONS  FOR  DETERMININO 
THEORETICAL  TEMPERATURE  AND  COMPOSITION  OP  PRODUCTS  OP 
PUEL  COMBUSTION 


To  sin^llfy  computations,  the  system  of  equations  given  above  for 
determining  the  composition  of  the  products  of  fuel  combustion  in  eui 
engine  combustion  chamber  by  the  method  of  successive  approximations 
may,  for  practical  imrposes,  be  placed  in  a  more  convenient  form. 

If  the  fuel  contains  nitrogen,  it  is  practicable  to  change  this 
system  of  equations  in  the  following  manner. 

At  first,  we  express  Equations  (6. 37)-‘(6. 40)  in  the  form  of  ratios: 

■&— «— (6.48) 

whence 


where  A  -  Pjjq  +  Pjjj 


Fco, +Fco"' Q  + ^)» 


Ht  ^  ^PHfi  + 

N,  14  2P||, +  rNO+^N 


-  346  - 


or 

-^i4o±35!i±£«,i4  Ht  « 

(6.49) 

whence 

^h,o+Ph,**‘2‘^^m,+ A)  — 

where  g 

“  POH  +  Ph^ 

0,  _162^oo.+^co+^.o  +  2^o.  +  Po+Poh+J*i»o 
^  **  Poo,+fco 

or 

2Pco,+iPco+^jO  +  '^  ^  S  ■.  J 

Pco,+Pco  "4c,".’ 

(6.50) 

where 

'<^—^PcO,  +Po  +PoH  +Aw 

We  then  give  Eq.  (6.44)  the  form 

Pu^PcO,+PHfi+PcO+PH,+PH»  +  ^*  (6.51) 


where 


+/>om4‘/^MO +  Ph +/’o 

Having  replaced  the  sums  +  p^Q  and  Pjj^Q  +  Pjj^ 
with  their  expressions  taken  from  Eqs.  (6.48)  and  (6.49) 


In  Eq.  (6. 51) 
,  we  obtain 


whence 


3Q  +  it  +  l 


(6.52) 


From  Eq.  (6.22),  we  find 

Fco“<?(2p».+^)-Fco.or/»co-«-Foo,-  (6.53) 

where  a  ■  ^(2%^  +  A). 

Substituting  the  value  of  the  siun  Pqq  +  p^^  In  the  numerator  and 
denominator  of  Eq.  (6. 50),  we  obtain 

fco,  +  c 

Q(a>j,,  +  ^  • 

Aijo“Q(?P»,+A)(<S— 1)— 'Fco,)  [•AcJ 
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whence 


^HgO  "  +  A)(S-  1)  -  fi  -  PQOg)  [sic]  or 


(6.54) 


where  b  ■  Q(2p«  +  A)(S  -  1)  - 
2 

Prom  Eq.  (6. 23)«  we  also  find 


Ph,""  2 

or,  considering  expression  (6.34) 

(2/»k.+^)  ~-f  -  <?  + A)(5- .. 

-(2/iw.+^)[|— Q(5-l)]— or|^„ (6.  55) 

where  c  «=  (2pjj  +  A)[  R/2  -  Q(S  -  l)]  -  g/2  +  g. 

Since,  vAien  determining  the  composition  of  the  products  of  fuel 
combustion  in  the  first  approximation,  the  values  of  A,  8,  8.  and  E 
are  equal  to  zero,  Eqs.  (6. 33) -(6. 35)  will  have  the  form 


^"•"2Q+^'+  i'  ’  Pco"“^QP)i,'~’Pbo,i 


(6.56) 


These  equations,  together  with  Eq.  (6.34),  are  basics  for  the  sub¬ 
sequent  solution.  The  equations  of  the  constant  of  equilibrium  (6. 1-6.7) 


are  supplementary;  we  also  give  them  the  form 


Pm^V^nPH,Po,i 

Po^^ ^fiPo, 


(6.  57) 


The  order  for  solving  the  system  of  equations  given  here  Is  as 
follows. 

1.  We  contpute  coefficients  Q,  R,  and  S  In  accordance  with  Eqs. 

(6. 48) -(6. 30),  using  the  data  for  the  element  composition  of  the  fuel. 

2.  In  the  first  approximation,  we  assume  partial  pressures  p^  , 

^2 

Pq^,  Pjjq,  Pjj,  Pq,  and  Pjj  are  equal  to  zero,  as  a  result  of  which  A,  8» 
8»  and  E  will  be  equal  to  zero.  Under  this  assu]iq;>tlon,  only  pressures 
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^CO  *  ^  Still  remain  unknovm  in  the  system  of 

equations. 

3>  Having  substituted  the  expressions  for  %2 

Eqs.  (6. 53) -(6.  55)]  given  above  in  Eq.  (6.34),  we  obtain 


f(  ^  (*"~Pco.)(* -Poo^ 

Pco^,  ^CO,(«“*/"CO,)  ' 


(6. 58) 


By  solving  this  quadratic  equation,  we  find  the  value  of  p^q  . 

From  the  two  roots  for  solution  of  these  equations,  we  choose  the 
one  which  gives  positive  values  of  all  remaining  partial  gas  pressiires. 

Since  inaccuracy  in  determining  coefficients  a,  b,  and  ^  strongly 
hampers  further  conqputations,  we  recommend  that  the  correctness  of 
these  conqputations  be  checked  by  the  relationship  a  +  b  +  c»Pj^—  Pjj. 

4.  In  accordance  with  Eqs.  (6. 53) -(6. 55) >  we  determine  the  values 

of  Pqq,  Pjj^o*  also  check  to  make  sure  that  no  errors  have 

been  committed.  For  this,  by  means  of  the  value  of  p^^  which  has  al¬ 
ready  been  found,  we  find  the  value  of  Kg,  and  compau^e  it  with  the  in¬ 
itial  data  from  the  table. 

5.  In  accordance  with  Eqs.  (6. 57)>  we  con^te,  in  the  second  ap¬ 
proximation,  the  vcdues  of  p^  of  these  gases  that  were  assuned  as 
equal  to  zero  in  the  first  approximation.  Then,  by  means  of  the  values 
of  Pq^,  Pqjj,  Pjjq,  Pjj,  Pq,  and  Pjj  that  have  been  foxmd,  we  determine 
the  magnitudes  of  A,  g,  g,  and  E. 

6.  We  determine  Pqq^»  second  ap¬ 

proximation,  in  accordance  with  Eqs.  (6.34)  and  (6.  53) -(6. 55). 

If  the  differences  between  p^  of  the  first  and  second  approxima¬ 
tions  is  greater  than  that  permitted  in  the  given  design,  we  perfom  a 
third  approximation,  or  following  approximations,  until  we  attain 
the  desired  accuracy  in  determining  p^^. 

If  the  fuel  does  not  contain  nitrogen,  we  determine  the  partial 
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pressures  of  the  products of  combustion  at  a  selected  temperature  and 
given  pressure  In  the  engine  combustion  chamber  In  the  following  man¬ 
ner. 


1,  In  accordamce  with  the  data  from  existing  computations  or 

curves  for  products  of  fuel  combustion,  we  select  the  value  of  the 

partial  pressure  of  oxygen  for  the  first  approximation  (p-  «  a  )  and 

2 

esgpress  the  partial  pressures  of  the  remaining  gases  as  functions  of 
Pqq  and  Pjj^Q  in  the  following  manner: 


oenilft  tHX  HCXOAHOft  CHCTCMU 
yptMatuHlk 

PacicTHufi  BHa  ypaBHeiiiiA,  noayqaeMux 
nocae  coorseTCTByioiiiHx  npeoopaso* 
gX  BaHHfl  HCXOAHkIX  ypaBHeHHR 

« 

«  ~/o,"  Vm/>;  t*> 

* 

/MgO 

• - - - - - - 

{3> 

1]  General  form  of  Initial  system  of  equations; 

2)  computed  form  of  equations  obtained  after 
appropriate  transformations  In  Initial  equa¬ 
tions. 
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(Continued) 

OCntHlt  BHa  HCXOaHOtt  CHCTCMU 
^  ypiBueHHli 

PacicTHuft  BHa  ypaBHCHHil.  noByaaeMua 
nocae  cooTBeiCTByiomHx  npeoopaao* 

.  BaHHll  HCXOaHUX  V'paBHeHHR 

3)  VpaBHeMHC  OTBOeHTCBUOrO 
•UTepHBJiBHoro  texaBca: 

*  (ftl.0 + PhJ + +/# 
/co,+Peo 

c. 

4) 

nocae  noacraHoaxH  noay<ieHHux  bubc 
BupaBccHHlI  aaa  pi  b  hcxobbuo  ypas* 
NeHHfl  OTHocHTeaMoro  MaTCpHaafeNoro 
flaaaHca  m  npeo6paaoBaHMl  BoayBRM 

2(1  +  e)PH,o + W+*)  V'Sjo  " 

.  -w*(!+*)pto/  («> 

rae(I+«)pH^— ; 

W + «)  KiPH,0  "  ^OH 
(1  +  *)/oo,  ■f'^co, +^ca 

6)  ypaBHeiiiie  OTHocuteaMoro 
MarepHaaBHoro  6aaaMca: 

2  0’co.+Po.)+A:o+^m,o+Pom+^o 
/eo,+Pco 

1  o, 

-4  C. 

7) 

AHaaorMBHO  npeauayiHCMy  ypaBHeHHn 
noay<ii<M 

Phjo + *  V  PHfi  +Po  + 

+?Pco,+^co  “  ^0  +  *)#co. 

Baa 

Ph,0  +  ^1^Ph/)+Po,+^0  — 

-I(B-l)(l+»)-llPco,*  (7) 

rae  pco  “  (1  +  *)Pco,"“^co, 

1)  General  form  of  Initial  system  of  equations; 

2)  computed  form  of  equations  obtained  after 
appropriate  transformations  In  Initial  equa¬ 
tions;  3)  equation  of  relative  material  bal¬ 
ance;  4)  after  substituting  the  expressions 
for  Pj^  obtained  above  In  the  Initial  equations 

of  relative  material  balance  and  performing 
the  transformations,  we  obtain;  5)  where:  6) 
equation  of  relative  material  baleuice;  7) 
analogous  to  the  previous  equation,  we  obtain; 
8)  or;  9)  where. 

Note.  Equations  containing  the  value  of  p^^  for 

gases  which  contain  nitrogen  are  excluded  from 
the  general  system  of  equations,  since  they 
are  not  needed  for  this  computation. 


2.  Having  divided  Eqs.  (6)  by  the  equation  of  material  balance 
(7),  we  obtain 

+  +  ^0  +  *)  ' 

PHfi'^*VPHfi  +  ^POt+fo  (*  — +  — i  ^ 

or 
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whence 

t/'Z — _  «  4-  /«*  +  ikgm 
ypnfi^  2*  • 

Where  *=20+0-4^  n-d{g-\)-e\  m-2«^+/. 

The  quadratic  equation  obtained  has  only  one  positive  root,  since 
negative  values  of  in  actuality,  ceuinot  occur. 

We  determine  the  values  of  p^  for  the  remaining  gases  in  the  mix¬ 
ture  by  using  the  appropriate  formulas. 

For  checking  the  correctness  of  the  values  of  p^  which  were  as- 
sumed  for  the  computations,  we  use  the  equation  £p^  >  p^^.  If  Zp^ 
agrees  with  the  given  pj^  with  sufficient  exactness,  we  conclude  the 
computation  with  this. 

If  Zpj^  is  greater  than  the  pj^  which  is  permissible  in  the  design, 

we  determine  the  composition  of  the  products  of  combustion  in  the  sec- 

2 

ond  approximation,  and  so  forth,  assuming  greater  values  of  p^  > 

or  if  Zpj^  <  Pj^,  the  reverse. 

In  selecting  a  value  of  p^.  ,  one  may  tentatively  assume  that  it 
is  proportional  to  the  value  of  Zp^^  that  has  been  obtained. 

It  is  convenient  to  perform  computations  for  determining  p^  in 
the  order  shown  in  Table  6.5* 

We  determine  the  composition  and  temperature  of  the  gases  in  the 
nozzle  outlet  section  in  an  analogous  manner,  nius,  the  only  differ¬ 
ence  is  that  here.  Instead  of  an  equality  of  enthalpies,  we  try  to  ob¬ 
tain  an  equality  of  entropies  in  the  combustion  chamber  (S^^)  and  in 
the  nozzle  outlet  section  (S^).  At  comparatively  low  temperatures  for 
the  gases  in  the  nozzle  outlet  section,  the  atomic  gases  will  be  ab¬ 
sent;  some  partial  pressures  (for  example,  Pqjj,  Pjj^,  Pq  ,  etc. )  will 
be  close  to  zero. 

Beside  the  methods  of  successive  approximations  which  we  have 
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laid  dovm  for  determining  compositions  of  products  of  combustion  for 
the  simplest  fuels  (consisting  of  the  elements  C,  H,  0,  and  N)  at 
given  values  of  pressure  and  tenqperature,  other  methods  exist  idilch 
permit  computing  parameters  at  high  temperatures  and  small  or  great 
amounts  of  excess  oxidizer^  at  a  changing  pressure «  or  changing  pro¬ 
pellant-component  ratio. 

In  those  cases  where  the  propellant  Includes  a  large  number  of 
elements  4  the  computations  become  considerably  more  complex  and  la¬ 
borious.  However j  there  are  very  convenient  methods  of  ccmiputatlon  for 
even  these  situations.  A  great  series  of  computations,  required,  for 
example,  for  constructing  an  I-S  diagram,  may  be  performed  by  means  of 
an  electronic  computer. 

Sample  coinputatlons f or  the  characteristics  of  the  combustion 
products  of  kerosene  and  nitric  acid  are  shown  below. 

Example  2«  Detezmlne  the  composition  and  other  parameters  for  the 

products  of  combustion  of  kerosene  (C  -  0.865;  H  ■  0.135,  and  0  »  0) 

o  s  s 

and  nitric  acid  of  98j^  weight  concentration  when  ■  30  atm  abs,  Tj^  ■ 
-  2900,  3000,  and  3100°K,  if  -  0. l6l;  -  0.040;  0^  -  0.622,  and 
-  0.177  kg/k«#  .and  ■ -677  kcal/kg. 

Solution. 

1.  We  express  the  given  pressure  for  the  gases  In  the  combustion 
chamber  In  physical  atmospheres: 


Pj^  -  30/1.033  -  29  atm. 

2.  We  conqpute  the  constant  coefficients,  which  are  functions  of 
the  given  weight  composition  of  the  fuel  elements: 

e  N,  6  0,177  ^  N,  "”6^77"*’“ 

and 


s 


8  O,  8  0,622 

7  C,  “7o,161 


>2.90. 
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First  approximation. 

3.  We  determine  the  partial  pressures  of  the  gases  In  the  first 
approximation: 

_  ^  P*  ^ _ ?? _ *s  4  62* 

20  +  ^+l  2- 1,08 +  3,182+1  •  ' 

” 2*l,08-4,e2— —  9,80— 

Pvifi  “■  2QPii|,  ~  h  “'^co,  “  9,80(2,90  —  1)  —  =*  18,80  — ^co,* 

“  ^N.[  Y  +  <?  (S  -  h]  +  /»C0.  =  2  4,82  - 1,06  (2,90-  l)j  + 

+/co,“^co,~^>®^*  _ 

Summarizing  the  coefficients  obtained 

^  +■*  +  e  -  9,80  +  18,60  -  4,07  =  24,33  andp*  -;>k.  “  29.00  -  4,62  =  24,38* 
we  are  satisfied  that  they  were  computed  without  significant  errors. 

4.  After  substituting  the  expressions  for  the  partial  pressures 
which  have  been  found  In  Eq.  (6. 34)>  we  obtain 

^  ^  ^co^H,o  (9,60— j>co,) (18,00— ^co,) 

**  ^COjPm,  PcO,(PCO,  —  4,07) 

At  the  selected  value  for  the  presumed  temperature  of  the  gases 
(3000®K),  we  find.  In  accordance  with  the  table,  that  ■  7.382,  be¬ 
cause  of  which  the  last  equation  for  Kg^  takes  the  form 

e.38;»^  - 1,6(^-182,3  -  0, 

whence 


1.60  + 


-  2.8,38 

7>00  *“  9*60“— *9,80— 5,48  »  4,32; 

Pwfi  “  18,80— *  18,80—  5,48  *  13,12; 

Ph,""/co,  —  4,07*5,48  —  4,07  *1,41. 

After  checking,  we  obtain: 

a)  In  accordance  with  the  total  pressure  In  the  combustion  chamber 

J/.,*  4,62  +  5,48  +  4,32 +  13,12 +  1,41  *28,95  atm;  fc-29atm; 

b)  according  to  the  constant  of  equilibrium 

Second  approximation. 


-  354  - 


i. 


3.  We  determine  the  partial  pressures  for  the  remaining  six  gases 
In  the  second  approximation «  having  taken  the  constants  of  equlllbrltun 
at  tempera ttire  3000®K  from  the  table  (see  Appendices  II  and  III): 

0^841;  Af^-OLOUTZ; 

Afps- 0.02475;  Afp,  -  0^)1441;  Afpr- 0,1879- KM. 

Thus,  we  obtain  the  following  values  for  the  pco'tlal  pressures  of 
the  gases: 


Ph  -  V^vsPh,  -  /0,02475.1,41  -  0,187; 

J>0  "V'^plA'o,-  /0A)144  0, 188  -  0,052;.  .  . 
/N  "  "  K0ll879  1O-«.4,«2  -  0.003: 


6.  We  determine  coefficients  A,  g,  g,  E: 

“°0.113  +  0,003  =»  0,116; 

B  -/'OH  +A»H  =  0,534  +  0,187  0.721; 

47—  2Pq^  +^oh  +^ko'1*A'o'^  2*0,188  +  0,534  4*  0,113  +  0,052—  1,075; 

£  -A'o,  +  ^OH  +  +  7*h  +^o  +  +  0»”3  +  0*>87  +  04tt2  + 

+  0,003-  1,077. 


7.  We  determine  the  pcirtlal  pressiu*es  for  the  basic  gases  In  the 


second  approximation: 


2Q  +  /f  +  l  " 

29-1,077+^-0,110(1,00+?^) 

“  '2*1.00  +  3,10+1  -4,40;, 

Pco  =  -AfcO,  -  1.00(2*4.40  +  0*110)  =  9.58-^; 

£h/)  -  0(?F|,.  +  ^)(S- l)-.ff-/»co,  -  O.M(2.90-l)-l  .075-/^^^  « 

=•  17,12— ^co^; 

A^.  -  (^11,  +  ^)  [y  -  <?  (S  - 1)]  -  Y  + .« + - 

Thus,  Eq.  (6.34)  takes  the  form 

„  (9.38-^CO.)(17.I2-/to.)  -  „ 

Af«i— - - Tiz: — *•  — 7,38 

fbO,(^,~*.27) 
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«.38i>CO,  +  2.58/>co,  -  1«4  -  0. 


whence 


-g.58  + 


2-6,38 


Prom  this 


Pco  =  9*58-'«.87  =  4.7I;  />h,o=  >7.12-4.87  =.  12,25; 

/h,  “4.87  -  3,27 -1.60. 

Checking  gives  the  following  results  : 

^Pi  =*/»CO,  +  PcQ  +-PH.O  +/»H,  +/|i,  +  £  = 

=  4.87  +  4,71 +  12, 25 +  1,60  +  4.46 +1,077  =  28,967  Instead  Of  p,  =29  atmj 

4,71.12,25  ^ 

*'“~4787  i.6o“”^*‘*®  Instead  of  7.38. 

Third  approximation. 

8.  We  determine  the  partial  pressures  for  the  six  gases «  taking 
the  formulas  and  constants  of  equilibrium  for  this  from  the  second  ap¬ 


proximation: 


PO,  “ —)*  =  0.124;  =0,(m4-j5^  =  0,468; 


P»0  "  /0.0147-4,46  0, 124 -0,091;  / 0.02475- 1,60  -  0, 199; 

A)  “  / 6,0144-0, 124  »  0,012;  / 1.63- 10-4-4,4^-0,003. 

9.  We  determine  the  coefficients: 

A  -  0,091  +  0,003  =  0,094;  £-0,468  +  0,199-  0,667; 

Jl  -  2-0,124  +  0.4M  +  0,091  +  0,042  -  0,849; 

£-0,124+0,468+  0,091  +0,199  +  0.042  +  0.003-  0,927. 

10.  We  determine  the  partial  pressures  for  the  beuslc  gases: 

29-0,927  +  0,333-0.094.2.64 
/N. - - 4.49; 

/’co“  >»®8(2-4,49  +  0,094)— — 9,64— pto,J 
*  9.64- 1 ,90  -  0,849 -^CO,  -  >7.47 -/CO,; 

/.„,  =  (2  4.49  +  0.094)(  -0,44)  -  0,333  +  0.849 +/co,  -Ajq,  -8.41. 

Thus,  Eq.  (6.3^)  tadces  the  form 

(8.M-£co.)(>7.«7-a»J 


-  356  - 


or 


whence 


+  1  #43^00^  —  166t5MOf 


-1.43  +  /l.4SI  +  4.1fi8.Sii.38 
i»CO. - ^ - :— ^-5.08; 

-9.64  -  8,03=. 4.61;  /»H^-i7.47  -  5,03-12,44; 

5,03—3.48 -1.56b 

Checking  showa: 

4,48 +5,03 +4,60 +  12,44 +  1.55 +0.027 -29,027  instead  of  Pj^  »  29  atm; 

1,55-5.03  instead  of  7.38. 

Comparing  the  results  of  the  solution  of  the  second  auid  third  ap¬ 
proximations  (Table  6,2),  we  see  that  there  is  still  a  considerable 
difference  in  the  values  of  p^;  it  is  about  0.2  atm  for  COg  and  HgO. 
Therefore,  we  must  perform  the  cooQnitatlons  in  the  fourth  approximation. 
Fourth  approximation. 

11.  We  determine  the  values  of  p^  for  the  six  gases: 

Po.  -  (o.3417 - 0.139;  -  0,0484  -0.480; 

^NO  *  /^.01'47-4,49  o,139  =  0,096;  =  KSIISHTSTTB- 0,196; 

/>0*=  K'Ml44.0, 139-0,045;  =  / 1,879>10-«-4,40-0.003. 

12.  We  determine  the  coefficients: 

b4  -  0,096  +  0,<X3  »  0,099;  B  -  0,480  +0,196- 0,676; 

M  =  2  0,139  +  0,480  +  0.096  +  0,045  -  0,899; 

£-0,139  +  0,480  +  0,096  +  0,196  +  0,045  +  0,003  -  0,980. 


or 


13.  We  determine  the  values  of  p^  for  the  basic  gases: 

29-0.959  +  0,338-0,099-2,64  . 

6,28 

-  1,06(2-4,49  +  0.099)  -pco,  -  9.90-poo,i 
Piifi  =  9,60*1,90 — 0,899—^^  — 17,38— 

-  (2-4,49  -  0,099)  (-0.44)  -  0,338  +  0,899  +  ^CO, 

Thus,  Eq.  (6. 3^)  takes  the  form 

-  (9.fiO-£co.)(«7.38-^coJ 

•  £co.(rU-3.46) 

166.4  -a 
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TABIiE  6. 2 

ilTp) 


napmia;ibHue  jiasacuHa  raaos 
Pi  B  amM 


•  Nj 

COj 

CO 

HjO  Hj 

0,  OH  NO 

4,62 

5,48 

4.32 

13.12  1.41 

0  0  0 

4,46 

4.87 

4.71 

12,25  1,60 

0.188  0,534  0,113 

4,49 

5.03 

4,61 

12,44  1,55 

0,124  0,468  0,091 

4.48 

5,00 

4,60 

12.38  1,54 

0,139  0,480  0.096 

O  N 


l)  Niunber  of  approximation;  2)  partial  pres* 
sures  Pj^  of  gases  In  atm. 


vihence 


-1.46  + 


2-6.38 


^CO  =  5.00  =  4.60;  />H,o=  17.38  -  5.00=  12,38; 

=  5.00  -  3.46  =  1.54.  ^ 

Checking  shows: 

vp,  =  4, 48 +  5,00 +  4,60+  12,38  +  1, .54  +  0.96  =  29,07  instead  of  Pj^  ■  29  atm; 

/Ca,  »  =  7.37  Instead  of  7. 38. 

1 8^4 

Comparing  the  results  of  the  third  and  fourth  approximations  (see 
Table  6.2)  shows  that  the  greatest  difference  In  the  values  of  p^  does 
not  exceed  0.06  atm.  Further  computations  are,  therefore.  Impracticable. 
We  assume  the  co^^)osltlon  for  the  products  of  combustion  obt6d.ned  In 
the  fourth  approximation  as  final.  For  further  computations,  we  round 
off  the  values  of  p^^  to  the  second  decimal  place;  thus,  we  will  neglect 
the  partial  pressure  of  atomic  nitrogen,  since  It  Is  very  small  (alto¬ 
gether  0.003  atm). 

14.  We  construct  a  curve  of  the  convergence  of  the  partial  pres¬ 
sures  to  a  precise  value  through  our  approximations;  constructing 
curves  of  this  type  Is  convenient  for  controlling  the  course  of  com¬ 
putations.  The  curve  we  have  constructed  for  (Pig*  6.24)  shows 

that  we  could  have  limited  ourselves  to  three  approximations  in  the 
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computations  we  performed.  At  higher  tempera¬ 
tures,  convergence  occurs  much  later,  and  re- 
(lulres  the  computation  of  a  large  ntimber  of 
approximations  or  shifting  to  another,  more 
convenient  method  of  computation. 

15.  We  place  the  results  of  the  computed 
values  of  p^^  In  Table  6. 3  and  make  sure  there 
are  no  errors  In  the  computations,  using  the 
equation  of  material  balance  for  this  purpose: 

Instead  of  0. I6I,  which  was  assumed  for  com¬ 
putation; 

(2. 12,3s  + 

+  2-1,54 +  0,48  + 0,20)  =  o,os38lnstead  of  0.040; 

^ +AcO  +^OH  +^MO  +  V " 

“  (2-5.00  +  4. w  + 12.38  +  2  0.14  +  0.48  +  0, 10  +  (W>6)  - 

710tO 

»  0.6215  Instead  of  0.622; 

^  ■ 
which  agrees  with  the  value  (0. 177)  assumed  for  the  computations. 

The  results  of  this  check  show  that  the  composition  for  the  prod¬ 
ucts  of  fuel  combustion  determined  by  means  of  the  values  of  Pj^  Is 
without  significant  errors. 

16.  Finally,  we  determine  the  other  parameters  for  the  products 


« 


1)  .  ..J  __ 

KpuHa^  npuSru>keHuu 

2 

ToHHoemvenue 

M 

y 

1  U  1 

’  3)  npufjuuktmS 

Pig.  6.24.  Converg¬ 
ence  of  values  of 
Pjj^Q  for  determining 

composition  of  prod¬ 
ucts  of  fuel  combus¬ 
tion  by  the  method 
of  successive  an- 
proxlmatlons.  1; 
Curve  of  approxima¬ 
tions;  2)  precise 
value  of  3) 

numbers  of  approxi¬ 
mations;  4)  Pji^o' 

atmospheres. 


of  fuel  combustion  In  the  engine  chamber  at  the  given  pressure  Pj^  - 
■  30  atm  abs  suid  a  teiii)erature  of  3000®K,  using  the  data  from  the  ap 
proprlate  tables  for  this  purpose: 
a)  enthalpy 


Mi 


1000 


^470,1 

718,8 


885; 
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TABI£  6.3 


0 

m 

U 

2) 

5:1 

'  SL 

5! 

3) 

1 

vri 

vr 

5; 

1 

5; 

•o’ 

5 

V 

5 

Sf 

1 

1 

N* 

4.48 

28 

125,5 

22,20 

99,6 

63,77 

286,0 

0,651 

13,3 

272,7 

CO, 

5,00 

44 

220,0 

-57,31 

-286,5 

79,91 

399,0 

0,696 

15,9 

383,1 

CO 

4,60 

28 

128,5 

—4,03 

-16,5 

65,46 

312,0 

0,673 

14.1 

297,9 

H,0 

12,88 

18 

123,0 

-27,92 

-346,0 

68,27 

845.0 

1,093 

61,8 

783,2 

H, 

1.54 

2 

3.1 

21,24 

32,7 

48,47 

74,5 

0,187 

1.3 

73,2 

0* 

0,14 

32 

4.5 

23,48 

3.3 

67,98 

9.5 

-0,854 

-0,5 

10,0 

OH 

0,48 

17 

8.2 

31,55 

15,2 

61,38 

29.4 

-0,318 

-0,7 

30.1 

NO 

0,10 

30 

3,0 

44,36 

4.4 

68,85 

6.9 

-1,000 

-0.5 

7.4 

H 

0,20 

1 

0,2 

65,53 

14.1 

38,86 

7.8 

-0,698 

-0,6 

8.4 

0^ 

0,05 

16 

0.8 

72,69 

3,6 

50,09 

2.5 

-0,302 

-0,3 

2.8 

29.07 

— 

716,8 

— 

-476,1 

— 

- 

■  — 

1868,8 

1)  aas;  2)  p^,  atm;  3)  cal/mole;  4) 
kcal/kmole-®C;  5)  sum. 


b)  molecular  weight 


7H.8 

29.07 


-24.«; 


c)  gas  cons  taint 

Rj^  ■  848/m^  "  34.3  kg-m/kg°C; 

d)  entropy 

“  "V  i^lPl  ~  l£ Pi)  .  ^ 

»  2.605  kcal/kg°C. 

17.  We  perform  analogous  computations  for  temperatiires  of  2900 
and  3100^K  and  place  the  results  obtained  In  Table  6.4. 

18.  We  construct  the  curves  of  and  as  a  function  of 

the  three  values  of  temperature  that  we  chose  (Fig.  6.23)  and,  when 

■  —677  kcal/kg,  we  find  the  theoretical  unknown  parameters  of  the 
gas  In  the  combustion  chamber:  Tj^  ■  2984°K,  ■  2.597  kcal/kg°C,  • 

-  24.7,  and  Rj^  ■  34.35  kgm/kg®C. 
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PC.*'  'imm  •* 


■•WKfW 


<iM,««rm«v>rKnqiP'Mi« 


TABLE  6.4 


•K 

177 

KMAfKt 

Pk 

^XnaAlKt  ®C 

2900 

—720  . 

25.12 

33.75 

2.581 

3000 

"665 

24.68 

34.30 

2.606 

3100 

--595 

24.03 

35.30 

2.619 

1)  kcal/kg;  2)  Rj^,  kg-m/kg-^C;  3)  Sj^, 
koal/kg-®C. 


Pig.  6.25.  Curves  of  Sj^., 
and  Ujj  as  functions  of  Tj^  (see 
Example  No.  2).  l)  kcal/kg; 
2)  Sj^,  kcal/kg-®C. 


With  this,  computations  for  the  state  of  the  products  of  fuel 
combustion  In  the  engine  combustion  chamber  are  completed. 

Example  3.  Determine  the  temperature  and  composition  for  the 
products  of  combustion  of  a  fuel  consisting  of  ethyl  alcohol  of  93*  5^ 
weight  concentration  (CgHgO’O.  ITdH^O)  and  liquid  oxygen  (Og)^  when  a  « 
■  0.82;  Pj^  »  35  atm,  auid  p^  •  1  atm. 

Solution. 

1.  We  perform  the  required  preliminary  computations,  select  sm 

assumed  temperature  of  3300°K  for  the  gases  In  the  combustion  chamber, 

2 

and,  appropriate  for  this,  eussume  values  of  p^  >  a  >  0.95  and  1.21 

^2 

atm,  and  select  the  nxunerlcal  .values  for  the  constants  of  equlllbrlxim 
from  the  table.  Then  we  co^^n2te  the  values  of  p^  for  the  corresponding 

-  361  - 


1)  Number  In  order 


TABLE  6.3  (continued) 


)  M 
no 
nop. 

0.95 

1,21 

1.11 

1.122 

17 

«* 

n 

0.071 

B 

0,0625 

18 

*-./+2o* 

2,196 

2.754 

2.540 

2,562 

19 

• 

4AfiR 

6.286 

6,756 

6,594 

6.636 

ao 

■/ 

2.517 

2,613 

2,580 

2,588 

21 

fiH-4ikf JR  j 

2,739 

2.879 

2,831  j 

9.838 

22 

3,548 

4.429 

4.091 

4,113 

23 

1 

PHfi 

m 

16,738 

16,914 

24 

1 

25,172 

39,224 

33,476 

33.828 

25 

PA,’=‘‘PHfi 

1,510 

IQ 

1,858 

1,871 

26 

3,020 

4.158 

3,716 

3,742 

27 

1,448 

1,918 

1,739 

1,744 

28 

Pvr*V^ 

0,447 

0.495 

0,498 

29 

DSI 

m 

39,426 

39.612 

30 

it  (1+8) 

4,875 

j 

j 

7,857 

6,631 

1 

6.706 

31 

/'co**/co, 

4,589 

1 

6,561 

5,776 

5,82.1 

3S 

3>< 

26,094 

40,004 

84.667 

34,997 

1)  NUinber  In  order. 
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gases.  In  the  same  succession  as  Indicated  In  Table  6. 3. 

The  data  from  this  table  show  that  when  »  0.95  atm,  2p-  ■ 

Ug  1 

»  26.694  atm,  and  when  p^  =  1.21  atm  the  value  of  2p.  ■  40.094  atm. 

^2  ^ 

This  means  that  a  value  of  p^s  lying  somewhere  between  0.93  and  1.121 

^2 

atm  Is  appropriate  for  the  given  value  of  i)j^  ■  35  atm. 

For  further  computations,  we  select  an  Intermediate  value  of  p^ 

^2 

(see  Table  6. 5)«  Then,  aa  the  result  of  additional  simple  conqputatlons, 
we  obtain  smother  cosqposltlon  for  the  combustion  products  of  the  given 
fuel  as  follows t 

‘£Pl^PO0,  +PcO+PHfi  +  PH,+P(M+Po,  +  PHi‘  Po  “ 

«  6,707  +  6^21  +  16.916  -f  1371  +  1.744  +  1.121  +  0.498  +  0322  «  35,000  atm. 


C 


2.  Since  the  computed  vahie  of  for  these  products  of  fuel  combus¬ 
tion  at  3300^K  as  obtained  Is  less  than  the  enthalpy  of  the  given 
fuel,  we  perform  an  sinalogous  coiiq^mtatlon  for  smother,  higher  tempera¬ 
ture  of  3400®K,  and  find  other  values  of  Zpj^  and  Ij^. 

On  the  basis  of  the  value  of  that  we  have  found  In  this  msm- 
ner,  we  establish  the  fact  that  the  tenperature  T^^  corresponding  to 
the  value  of  lies  within  the  limits  of  3300-3400°K. 

In  this  case  we  use  the  method  of  llnesm  Interpolation  to  deter¬ 
mine  the  temperature  of  the  gases.  We  compute  the  calculation  coeffi¬ 
cients  M  smd  N  required  for  this,  together  with  the  solution  of  the 
following  two  llneskT  equations: 

M  +  Tj^j^N  »  and  M  +  Tj^N  ■  Ij^. 

Using  the  Interpolation  equation  N  +  Ty^  "  obtsdn  the  im- 

known  temperature  of  the  gsuses  In  the  engine  combustion  chamber: 


T, 


/r  +  M 

N 


335rK. 


At  this  temperatxire ,  we  find,  by  computations,  the  following  com¬ 
position  for  the  products  of  fuel  combustion,  at  which  >  I^: 
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Jp/  -/>co, + A»  +/H,0  +  Ai, +^o, + /h  +/b  " 

+  wei  +  1M58  +  2,023  +  1.969  +  1^68  +  0,601  +  0,407  -  35,000  atnu 

This  means  that  the  temperature  which  we  have  found  corres¬ 
ponds  to  the  given  value  of  p^. 

We  may  then  compute  the  other  characteristics  for  the  products  of 
fuel  combustion. 

An  analogous  method  for  determining  the  conqposltlon  of  products 
of  fuel  combustion  which  do  not  contain  nitrogen  Is  shown  In  the  work 
of  Q.B.  Slnyarev  and  M.V.  Dobrovol’skly.  * 


SECTION  11.  DETERMININa  THE  THEORETICAL  TEMPERATURE  AND  COMPOSITION 
FOR  PRODUCTS  OF  PUEL  COMBUSTION  IN  AN  ENOINE-CHAMEER 
NOZZLE  OUTLET  SECTION 

In  designing  we  most  frequently  use  a  method  based  on  the 

assxio^tlon  of  con^lete  chemical  and  energy  equilibrium  for  the  compo¬ 
sition  of  the  gases  throxighout  the  length  of  the  nozzle.  However,  the 
required  state  of  equilibrium  Is  somewhat  lacking  due  to  the  chemical 
change  In  the  composition  of  the  gases  as  they  flow  out  of  the  nozzle, 
which  actually  occurs  chiefly  In  the  supercritical  part  of  the  nozzle, 
6uid  Is  usually  considered  as  some  decrease  In  tne  computed  theoretical 
exhaust  velocity  or  theoretical  specific  thrust  (1-2$^  when  the  length 
of  the  supercritical  part  of  the  nozzle  Is  of  the  order  of  0.1-0. 2  m). 

To  determine  the  theoretical  temperature,  and  the  composition  of 
the  products  of  fuel  combustion  corresponding  to  It,  In  the  outlet  or 
In  any  engine  chamber-nozzle  cross  section  at  a  given  pressure  p^  by 
this  method,  we  use  the  same  equations  of  the  constants  of  equlllbrlmn 
and  equations  of  material  balance  as  for  the  combustion  chamber 
(see  Chapter  VI,  Section  10 ). 

*O.B.  Slnyarev  and  M.V.  Dobrovol'skly,  Zhidkos tnye  raketnye  dvlgatell 
(Liquid-propellant  rocket  engines),  Oboronglz  (State  Publishing  House 
of  the  Defense  Industry),  1957> 
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This  system  of  equatlon8«  applicable 
to  the  outlet  (or  any)  section  of  the 
nozzle.  Is  supplemented  by  the  equation 
of  the  Isentroplc  condition  for  the  gas- 
expansion  process: 

S,  «■  5,  sa«  — —  (Sf — R  Inpi)  Pi  =» 

i‘»p» 

kcal/kg°C,  (6.  59) 

where  Sj^  and  are  the  absolute  en¬ 
tropies  for  the  products  of  fuel  combus¬ 
tion  In  the  combustion  chamber  and  In  a  nozzle  cross  section,  respec¬ 
tively,  In  kcal/lcg®C;  Is  the  absolute  entropy  of  the  1-th  gas  In 
the  mixture  at  a  temperature  and  a  pressure  of  1  atm  abs.  In 
kcal/mole°C,  selected  from  Appendix  IV;  R  »  1. 987  Is  the  universal  gas 
constant  for  the  products  of  fuel  combustion  In  kcal/mole®C;  and  p^ 

Is  the  partial  pressure  of  the  1-th  gas  In  the  mixture  at  the  outlet 
from  the  engine  nozzle.  In  atm  abs. 

To  determine  the  con^osltlon  for  the  products  of  fuel  combustion 
In  the  nozzle  outlet  section,  under  conditions  of  Isentroplc  e3q)an8lon 
we  usually  assume  three  values  for  the  presumed  temperature  of 
these  products,  and,  as  previously  (see  Chapter  VI,  Section  10),  we 
determine  the  partial  pressures  p^  corresponding  to  them.  After  this, 
we  compute  the  values  for  the  entropies  of  the  entire  gas  mixture 
for  each  of  these  temperatures.  In  accordetnce  with  the  formula  given 


Fig.  6.26.  Graphic  deter¬ 
mination  of  tenqperature 
ajid  enthalpy  for  products 
of  fuel  combustion  In  an 
engine  nozzle  outlet  sec¬ 
tion.  1)  I^,  kcal/kg;  2) 

S^,  kcal/kg-®C. 


above.  Then  we  construct  a  ctirve  showing  the  value  of  S^  as  a  func¬ 
tion  of  the  three  selected  values  of  temperature  T^  (Fig*  6.26). 

Since,  with  Isentroplc  outflow,  the  entropy  S^  of  the  gas  mixture 
In  the  nozzle  outlet  section  Is  equal  to  Its  value  S,,  In  the  combus- 


TABIg  6,6 _ 

npoxyKTW  cropiNNi  TonaMM 


KepOCHH  C  aCNXKHli  KHCJOPOXOM 


Snxemt 

a)  • 

1,12-1,14 


KepocHa  axa  ToaKa*2S0  e  asoraoR  aacaoToS  axa  ee  npoasaox* 
aiiaa 


1,16-1,18 


drajoaul  cnapr  c  xaxaaa  aaexopoxoii 
rHxptaaa  c  xaxaaM  aaexopoxoM 
raxpuaa  c  acaxaaM  ^opek 
rHspuaa  e  rpafropaxoM  uopa 
Jaaataa  e  maxaaa  KacxopoxOM 
ilaauaa  e  aoaooaacMD  #Topa 
Aaaaaa  e  ataxaaM  ftopoM 


1,18-1,18 

1,16-1,18 

1,18-1,20 

1,21-1,38 

1,13-1,30 

1,18-1,17 

1,23-1,27 


l)  Products  of  fuel  combustion;  2)  value  of  k; 
3)  kerosene  and  liquid  oxygen;  4)  kerosene  or 
Tonka-250  and  nitric  acid  or  Its  derivatives; 
3)  ethyl  alcohol  and  liquid  oxygen;  6)  hydra¬ 
zine  and  liquid  oxygen;  7)  hydrazine  and  liq¬ 
uid  fluorine;  8)  hydrazine  and  chlorine  trl- 
fluorlde;  9)  dlmazlne  and  liquid  oxygen;  10) 
dlmazlne  and  fluorine  monoxide;  11)  annonla 
and  liquid  fluorine. 


tlon  chamber,  having  computed 

kcal/kg®C,  (6.60) 

we  may  determine  the  unknown  value  of  from  the  curve  In  Fig.  6.26, 
and  then  find  the  corresponding  composition  of  fuel- combustion  prod¬ 
ucts,  the  values  of  |X^,  R^,  and  and  other  characteristics. 

In  this  case,  the  task  of  solving  the  system  of  equations  for  de¬ 
termining  the  partial  pressures  of  the  gases  Is  simplified  by  the  fact 
that  the  tenqperature  of  the  products  of  combustion  In  the  nozzle  out¬ 
let  section  Is  considerably  lower  than  In  the  combustion  chamber,  be¬ 
cause  of  tdilch  we  may  neglect  the  content  of  OH,  Og,  0,  NO,  and  N, 
which  1 s  negligible.  This  assumption  does  not  Introduce  any  signifi¬ 
cant  error  Into  the  results  of  the  computations  and  sln^llfles  them 
considerably.  Computations  for  determining  the  value  of  p^.  may  thus  be 
carried  out  quite  rapidly,  since  the  results  of  the  confutation  are 
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sufficiently  precise  In  the  first  approximation. 

For  approximate  selection  of  the  values  of  assumed  temperature 
for  the  gases  In  the  nozzle  outlet  section,  we  may  make  use  of  the 
well-known  formula  of  adiabatic  dependence  of  gas  parameters: 


(6. 61) 


where  k  Is  the  Isentroplc  exponent  for  the  gas  expansion  In  the  engine- 
chamber  nozzle,  whose  approximate  value  may  be  taken  from  Table  6.6. 

Greater  values  of  the  k  exponent  correspond  to  higher  pressures 
p^  In  the  combustion  chamber  and  lower  values  of  the  excess  oxidation 
coefficient  a  In  the  fuel. 

Precise  values  of  k  maty  be  taken  from  the  computed  tables,  de¬ 
pending  on  the  type  of  fuel  and  the  magnitudes  of  p^  and  a. 

The  theoretic  velocity  for  the  Isentroplc  gas  outflow  In  the  en¬ 
gine-chamber  nozzle  outlet  section  Is  determined  In  accordance  with 
the  formula 


«.-/2^427(/.-/,)-91.53l/7F^H/s«a>-,'  (6.62) 


We  may  assxime  that  the  state  of  the  separate  gases  In  the  mixture 
(both  In  the  combustion  chamber  sind  In  the  nozzle)  is  Ideal,  1.  e. , 
consider  that  each  of  them  (but  not  the  mixture  as  a  whole)  Is  subject 
to  the  equation  of  state  pv  ■  RT,  where  R(848/u)  Is  the  characteristic 
gas  constant. 

The  theoretical  area  of  the  nozzle  outlet  section  Is  determined 
In  accordance  with  the  formula 


"ST  /»,«•.  • 


(6.63) 


where  P  Is  the  engine  thrust,  and  v^  Is  the  specific  voliune  of  the 
products  of  combustion  In  this  nozzle  section. 


♦[T 


B.ox  V. ozh  vykhod. ozhldaemaya  *  ’‘‘outlet. sussxamed 
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To  determine  the  theoretical  value  of  the  engine-nozzle  throat, 
as  a  preliminary,  we  determine  theoretical  values  of  the  following 
gas  parameters: 

a)  the  mean  Isentropic  exhaust  exponent 

'  ■  (6.64) 

b)  the  pressure  in  the  nozzle  throat 

_Kj_ 

‘  (6-65) 

c)  the  specific  volume  in  the  nozzle  throat 

I 

(6.66) 

d)  the  velocity  in  the  nozzle  throat 

gkiP„Vur  (6.67) 

Thus,  the  area  of  the  nozzle  throat  is  determined  in  accordance 

with  the  formula 


„  OtVap 

- . 

The  mean  Isentropic  exhaust  exponent,  when  »  R^,  is 

ij 


(6.68) 

(6.69) 


The  values  of  are  somewhat  greater  than  kgj  as  the  excess  oxi¬ 
dizer  factor  in  the  fuel  Increases,  they  decrease;  when  combustion- 
chamber  pressure  is  raised,  they  Increase. 

The  mean  exhaust -gas  isentropic  e^^onent  may  be  used  in  the 
gasdynamic  computation  of  the  engine  characteristics,  or  basic  geomet¬ 
rical  dimensions,  thrust  coefficient,  specific  thrust,  specific  area 
for  the  chamber-nozzle  throat  and  outlet  section,  etc.  The  mean  ex¬ 
haust-gas  Isentropic  exponent  kg  may  be  used  for  conqputatlons  con¬ 
nected  with  determining  gas  tenq;>eratures. 


Bxample  4.  Detemlne  the  composition  and  other  characteristics 
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for  the  products  of  fuel  combustion  In  an  engine -chamber  nozzle  outlet 
section  according  to  the  data  for  the  previous  example  if  p^  »  0. 9 
atm  abs. 

Solution. 

1.  We  determine  the  assumed  temperature  for  the  gases  In  the  noz¬ 
zle  outlet  section,  using  for  this  purpose  the  value  of  the  Isentroplc 
exponent  k  «  1. 17  (see  Table  5. 20)t 

Proceeding  from  the  value  of  obtained,  for  computing  the 

composition  of  the  combustion  products,  we  assiune  a  temperature  « 

B  1600,  1700,  and  l800°K. 

2.  We  express  the  given  gas  pressure  In  the  nozzle  outlet  section 
In  physical  atmospheres: 

Py  =  0.9/1.033  =  0.87  atm. 

3.  At  first,  we  perform  the  computations  for  a  temperature  of 
1700®K,  assuming  that  paj:'tlal  pressures  for  the  Og,  OH,  NO,  H,  0,  and 
N  gases  are  equal  to  zero  (because  of  their  small  amounts  at  low  tem¬ 
peratures  and  when  a  ^  1). 

With  this  assxunptlon,  the  products  of  fuel  combustion  In  the  en¬ 
gine-chamber  nozzle  outlet  section  will  consist  of  only  five  basic 
gases,  whose  partial  pressures.  In  the  first  approximation,  are  eq^al 
to: 

p.  o.w 

“  2-i,oe+8,i«+ 1  “  '  ^ 

Poo  ^QPm,  ~Pco,  “  2- 1.06-0, 180  — /co,  “  ®*2W 
hifi  20/11,  (5  —  1) — /co, "  ®.294  (2,90  —  1)  —  «  0,854 

^5:  -  0(S“  1)]  +/to.  -2  ®.1»[^  - 1 .06(2.80- 1)]  + 

+^co,  "^co, —0.122. 

According  to  the  table,  at  1700^,  we  find  Kg^  >  3. 36,  and,  as  a 
result,  we  obtain 
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or 


Whence 

-0.144 +  y’(nTi4i+4-5.Si-6.IW 

snsi - ^ - 


^co -0.294-0.184-0,110;  - 0,554  -  0,184  -  0,370; 

A  check  shows  /H.-o,i84-o.i22-o.0fi2. 

0,139 +  0,184 +  0,110 +  0,370 +  0,062 -0,865  instead  of  0.87; 
^**"^~o:o62~^’^  instead  of  3. 56. 

It  appears  that  we  have  found  the  composition  of  the  products  of 
fuel  combustion  In  the  engine -chamber  nozzle  outlet  section  without 
significant  errors. 

Prom  Table  6.7  we  see,  that  out  of  the  number  of  gases  whose  p^^ 
we  have  assumed  as  being  equal  to  zero,  the  OH  gas  has  the  greatest  p^; 
therefore,  we  determine  Its  value  In  the  nozzle  outlet  section: 

/>oK=^w^?^=o.625  io-»-j^^^ss;  0,00001  atm  abs. 

The  value  of  the  OH  gas's  p^  obtained  shows  that  the  composition 
of  the  products  of  combustion  In  the  nozzle  outlet  which  we  conqputed 
In  the  first  approximation  was  sufficiently  precise. 

We  place  the  results  of  the  computations  In  Table  6. 7,  In  which 
we  also  place  other  data. 

4.  We  check  the  computations,  using  the  equation  of  material  bal¬ 
ance  for  this  purpose: 

c,--sf^(/’co.+A»)-5^(0*»«<  +  0*”0)-9.>62in8tead  of  0. l6l; 


h,--|^(2/„^  +  2/>„^- 2^(2  0,370 +  2  0,062) -0,039  instead  of  0.040; 


,0,. 


-t  I 
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TABLE  6.7 


1) 

2 

2) 

cl 

1 

:l 

3) 

vr 

4) 

*ol 

5 

M 

s; 

5 

Ssi 

5 

be 

1 

1 

CO 

N, 

0,139 

28 

3,89 

10,89 

1.52 

58,84 

8,18 

-0,857 

-0,55 

8.73 

CO, 

0,1$4 

44 

8.10 

-76,42 

71,58 

13,17 

-0,735 

13,79 

CO 

EaEu 

28 

3,08 

-15,41 

-1,70 

60,50 

6,66 

-0,958 

Byi! 

7,1s 

HjO 

0,370 

18 

6,65 

-43,97 

-16,25 

61,29 

22,68 

-0,432 

-0.73  23,41 

H, 

0,062 

2 

0.12 

10,27 

0,64 

43,70 

2,71 

-0,34 

3.0s 

5.)  CyMMa 

0,865 

21.74 

20,81 

— 

— 

— 

— 

56,13 

1)  Oae,;  2)  Pj^,  atm  abs;  3)  cal/mole;  4) 
cal/mole ;  5)  sum. 


«=  0.623  instead  of  0.622; 

N,  =  -=r^2;.„  =-^2  0.139=0.179  Instead  of  0.177. 

iNPl  *  .21,74 

This  check  shows  that  there  were  no  significant  errors  in  deter¬ 
mining  p^. 

5.  We  determine  the  other  theoretical  parauneters  for  the  products 
of  fuel  combustion  in  the  engine-chamber  nozzle  outlet  section: 

a)  enthalpy 


lpti\ 

It^iPi 


-29,81 

21,74 


—  1370  kcal/kg; 

r 


b)  molecular  weight 


'*•  p,  0,865“ 


.21,74  *  25,12; 


c)  gas  constant 

Ry  =  848^y  -  848/25.12  -  33.8  kg-m/kg°C; 

d)  entropy 

s,  -  {SiP,  -  4.57/»,  igp,)  -  -  2^  kcal/kg°C, 
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TABIE  6.8 


* 

W7.  \ 

KKOJiita 

WT~ 

KKOAlKt  *C 

!>■  j 

lUMlKt 

laoo 

-1440 

2.532 

25,32 

33,5 

1700 

—1370 

2,582 

25.12 

33.7 

1800 

-1312 

2,640 

24,9 

34.1 

1)  ly,  kcal/Vcgj  2)  S^,  kcal/kg°C;  3) 
kgm/kg®C. 


Pig.  6.27.  Curves  of  S^,  and  piy 
as  functions  of  Tj^  (see  Example  4). 
1)  kcal/kg;  2)  S^,  kcal/kg°C. 


6.  We  perform  the  con^jutatlons  for  gas  temperatures  I600  and 


1800^  analogously,  and  place  the  results  obtained  In  Table  6.8. 


7.  We  construct  curves  showing  S^,  and  as  functions  of  the 
selected  values  of  ten^erature  (Fig.  6,27),  and  by  means  of  this,  vdien 
Sj^  ■  2. 597  kcal/kg®C,  we  find  the  following  theoretical  values  for  the 
gas  i>arameters  In  the  engine-chamber  nozzle  outlet  section: 

Ty  -  1730®K,  --I355  kcal/kg,  -  25.05, 

and  Ry  •  33. 9  kg-m/kg°C. 

8.  We  conqpute  the  other  theoretical  values  for  the  gas  In  the 


:•< 


_  o.»»io« 
“33.9-1730' 


>0.1535 


nozzle  outlet  section: 
a)  density 
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b)  exhaust  velocity 

«^-91,S3/^^-9I.53/-677-(-liM)-.23«>  n/sec; 

c)  specific  nozzle  outlet  section 


- -i26  4.io-«n^lcg  ■  26,4  cm^/kg. 

0.1585-2^ 


SECTION  12.  DETERMININO  THE  TRUE  PARAMETERS  AND  CHARACTERISTICS  OF  A 

2&B& 

In  a  thermodynamic  conqputatlon,  we  usually  determine  the 

theoretical  engine  parameters  and  characteristics  upon  condition  of: 

1)  complete  physical  combustion  of  the  fuel  used  In  the  engine 
combustion  chamberj  up  to  a  state  of  chemical  and  energy  equilibrium 
for  the  gases  formed; 

2)  chemical  and  energy  equilibrium  as  the  gases  flow  out  from  the 
chamber  through  the  nozzle  Into  the  surrounding  medium; 

3)  only  one  additional  fuel^energy  loss  In  the  combustion  chamber* 
due  to  gas  dissociation*  which  Is  considered  directly  when  determining 
theoretical  temperature  In  the  combustion  chamber; 

4)  no  heat  Is  transferred  these  gases  to  the  surrounding  medium 
through  the  surface  of  the  engine  chamber; 

5)  the  chemical  composition  and  thermodynamic  parameters  of  the 
gas  stream  are  the  same  In  any  nozzle  cross  section*  from  the  combus¬ 
tion  chamber  to  the  nozzle  outlet  section; 

6)  the  gas  stream  at  the  outlet  from  the  nozzle  Is  entirely  coax¬ 
ial; 

7)  fuel-energy  loss  from  the  exhaust  gases*  In  accordance  with 
the  second  law  of  thermodynamics*  Is  taken  Into  consideration  by  the 
engine  thermal  efficiency  (assuming  an  adiabatic  outflow). 


Thus*  the  computed  theoretical  values  of  gas  temperature  In  the 
ccmobustlon  chamber  and  In  the  nozzle  outlet  section*  the  exhaust  vel- 


oolty,  and  the  specific  thrust  are  overstated  In  relationship  to 
their  real  values^  which  are  obtained  during  static  engine  tests. 

under  real  engine  operating  conditions,  the  following  things  oc- 

ourt 

l)  there  Is  some  physical  Incompleteness  In  fuel  combustion  be¬ 
cause  of  Inqperfect  mixing  of  the  propellant  components  and  their  lim¬ 
ited  stay  time  In  the  combustion  chamber,  to  limit  the  latter's  volume 
and  weight,  which  leads  to  a  shortage  In  working  gas  pressure  In  the 
combustion  chamber  relative  to  Its  rated  theoretical  value; 

2}  the  combustion-chamber  thermal  resistance  to  the  gas  stream, 
as  the  chamber  heats  up  tdien  fuel  Is  consumed,  also  leads  to  some  de¬ 
crease  In  the  gas -stream  pressure  throughout  the  length  of  the  com¬ 
bustion  chamber  (in  existing  engine  designs,  this  pressure  loss,  at 
the  end  of  the  combustion  chamber,  does  not  exceed  0.4-1^  of  the  gas 
pressure  at  the  chamiber  head); 

3)  there  Is  some  loss  In  gas  energy  In  the  engine  nozzle  due  to 
Incomplete  fuel  combustion,  unequal  outflow  (insufficient  recombina¬ 
tion  and  relaxation  of  gas  molecules),  friction  of  gas  molecules 
against  each  other  and  ag£Llnst  the  nozzle  surface,  and  because  of  the 
lines  of  the  gas  streams  at  the  nozzle  outlet  being  noncoaxlal; 

4)  there  Is  some  heat  transfer  from  the  geuses  to  the  surrounding 
medium  through  the  engine -chamber  liner  surface,  whose  magnitude  Is 
Insignificant  In  existing  gigg  designs  (It  does  not  exceed  0.3-1^  of 
the  fuel's  calorific  value)  and  Is  therefore  frequently  neglected  In 
computations. 

nie  level  of  knowledge  which  we  have  attained  still  does  not  per¬ 
mit  us  to  compute  gas  outflow,  allowing  for  all  of  these  complex  phe¬ 
nomena,  and,  consequently,  we  cannot  precisely  determine  exhaust  veloc¬ 
ity  and  the  specific  thrust  proportional  to  It. 
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Since  the  phenomena  accompeinylng  the  process  of  transformation  of 
thermal  energy  Into  kinetic  energy  in  the  nozzle  occur  chiefly  with 
heat  liberation^  we  may  nominally  consider  that  the  gas  outflow  is  a 
polytropic  process  with  a  variable  e:qponent  throughout  the  length  of 
the  nozzle.  Thus,  we  may  characterize  the  quantitative  effect  of  all 
factors  on  the  gas  expansion  cycle  in  the  engine -chamber  nozzle  by  one 
parameter  —  the  polytropic  exponent  n>  whose  magnitude  vatrles  through¬ 
out  the  nozzle  length  and  may  be  approximately  evaluated  on  the  basis 
of  experimental  data.  Figure  6. 28  shows  f^  as  a  function  of  n  for 
various  values  of  Py/Pj^.* 

Since,  at  the  present  time,  it  is  impossible  to  compute  the  quan¬ 
titative  theoretical  effects  of  the  factors  enumerated  above  on  the 
operating  cycles  in  the  combustion  chamber  and  in  the  nozzle,  we  must 
perform  computations  for  being  designed  in  accordance  with  the 
theoretical  engine  parameters  and  characteristics,  employing  the  ap¬ 
propriate  experimental  coefficients  for  this  purpose. 

In  view  of  the  above  statement,  the  dependence  of  an  engine's 
true  specific  thrust  Pud  on  the  theoretical  specific  thrust 
which  was  con^ted  during  the  thermodynamic  design  of  the  engine,  is 
es^ressed  by  the  equality 

rf.?»  (6.  70) 

where  -  ^ud^^^ud.  t  "  *  0. 9O-0. 98  is  the  specific  thrust 

correction  factor  for  a  real  gfflp  chamber,  allowing  for  the  loss  in 
specific  thrust  relative  to  its  theoretical  value  'ud.  ^  as  a  conse¬ 
quence  of  the  inqperfect  cycle  in  the  engine  (this  coefficient  does 
not  allow  for  a  loss  in  fud  due  to  nonoptimum  gas  expansion  in  the 
nozzle);  9.  *  0.93-0.99  is  the  pressiare  coefficient  for  the  gases  in 
the  cosibustion  chamber,  allowing  for  the  decrease  in  engine-chamber 
specific  thrust  relative  to  its  theoretical  value  due  to  the  shortage 
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Fig.  6.28.  The  dlmen- 
slonleas  area  of  an 
engine  nozzle  as  a 
function  of  the  pres¬ 
sure  difference 
therein  and  the  poly- 
troplc  exponent  for 
gas  expansion. 


Fig.  6.29.  Change  In 
thermal -resl stance 
coefficient  q>^  of  a 

ccxnbustlon  chafer 
as  a  function  of  Its 
dimensionless  area 


of  gas  pressure  therein  due  to  partial  physical  Incompleteness  of  fuel 
combustion;  Is  the  thermal- resistance  correction  factor  for  the 
combustion  chamber,  1. e. ,  the  decrease  In  engine -chamber  specific 
thrust  relative  to  Its  theoretical  value  due  to  decrease  in  gas  pres¬ 
sure  throughout  the  length  of  the  combustion  chamber  as  a  result  of  the 
acceleration  of  the  gases  as  they  warm  up,  which,  when  fj^  ■  2  5» 

we  may  assxime  Is  equal  to  one,  and  when  f^^  ■  2-4,  is  equal  to  0.96 
to  0.99  (Fig.  6. 29)j  9a  Is  the  nozzle- efficiency  correction  factor  for 

0 

the  exhaust  gases  from  the  chamber  nozzle,  allowing  for  the  decrease 
In  engine -chamber  specific  thrust  relative  to  Its  theoretical  value 
due  to  gas -energy  losses  during  outflow;  Its  value  varies  within  the 
limits  of  9-  •  0.95-0.97  for  conical  nozzles,  and  9_  »  0. 98-0. 99  for 
profiled  nozzles. 

As  an  Illustration,  In  Fig.  6.29  we  show  9«  as  a  function  of  f, 

Tk  k 

for  an  engine  operating  on  a  propellant  mixture  of  Tonka-250  +  Bo^ 

HNO^  of  98J^  weight  concentration,  and  20J^  NgO;^,  when  Pk  -  25-30  atm  abs. 

For  the  gases  In  the  combustion  chandber  of  a  bipropellant  gas 
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generator,  the  pressure  coefficient  ®  *  0.85-0.86,  and  for  the  tur¬ 

tle 

bine  exhaust-pipe  nozzle,  the  nozzle  efficiency  correction  factor  q>g  » 
*  0.97-0.98.  Thus,  the  specific  thrust  correction  factor  developed 
by  the  exhaust  gases  of  the  turbopump  unit  is  approximately  equal  to 
0. 82-0. 84. 

In  computations  for  a  ghRg  being  designed,  the  values  for  the  q)p 

Ic 

and  coefficients  are  selected  on  the  basis  of  statistical  data,  as¬ 
suming  that  the  structural  data  for  the  engine  being  designed  corres¬ 
pond  to  the  structural  and  operational  characteristics  for  an  existing 
engine,  during  whose  trial  the  coefficients  in  which  we  are  interested 
were  obtained. 


The  pressure  coefficient  for  the  gases  in  a  ZhgD  combustion  cham¬ 
ber  is  expressed  by  the  formula 

-  (6.71) 

where  »  Pj^  ^/Og  ^*ia  the  theoretical  Impulse  of  the  gas  pres¬ 
sure  in  the  engine  combustion  chamber,  in  kg/(kg/sec),  determined  from 
the  equation  for  the  theoretical  per-second  fuel  flow  rate  to  an  en¬ 
gine  combustion  chamber: 


i.  e.  , 


kg/s.c. 


(6.72) 

(6.73) 


P  >  Pk^kr^^s  actual  Impulse  of  the  gas  pressure  in  the  engine 

ccxnbustlon  chamber,  which  may  be  determined  for  an  existing  engine 

from  the  measured  parameters  for  the  cycle  during  static  tests,  and 

for  an  engine  being  designed,  by  selecting  a  value  of  the  ®  coeffl- 

Pk 

dent  and  a  computed  magnitude  of  p ,  1.  e. ,  according  to  the  formula 

“  ^teoretlcheskly  "  ^theoretical' 

Pk.t  "  Pk.  t  "  Pkamera.  teoreticheskoye  “  Pchamber. theoretical ' 

^Kp.T  "  ^kr.  t  "  ^krltlcheskoye.  teoreticheskoye  “  ®'crl tl cal.  theoretical*  ^ 
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P  kg/(kg/sec).  (6.74) 

For  existing  fuels  and  their  combustion  conditions  In  a 
»  160-222  kg-sec/kg  [sic]. 

In  foreign  literature,  the  and  p  parameters  are  usually  called 
the  theoretical  and  actual  characteristic  rates  of  the  fixed  fuel-com¬ 


bustion  cycle  in  a  chamber,  respectively,  and  the  parameter  9  = 

^k 

«  P/P^  is  the  correction  factor  for  conversion  of  fuel  to  products  of 
combustion  In  an  engine  chamber. 

To  determine  the  specific  thrust  correction  factor  »  ^ud^^ud  t^ 
we  must  compute  the  specific  thrust  accordance  with  the 

data  from  the  engine's  static  tests,  and  then,  with  the  values  of  gas 
pressures  pj^  and  p^  measured  during  these  tests,  obtain  the  theoreti¬ 
cal  specific  thrust  ^  by  means  of  the  thermodynamic  computations. 

All  measurements  when  testing  a  ZhgD  are  quite  complex,  since 
they  are  usually  performed  within  a  short  time  and  at  a  great  distance 
(in  accordance  with  safety  rules).  However,  at  the  present  time  we  can 
measure  the  engine's  absolute  thrust,  per-second  propellant -component 
flow  rate  to  the  combustion  chamber,  and  the  pressure  therein  with 
sufficient  accuracy  for  practical  purposes.  So  far,  techniques  for 
measuring  gas  pressure  p^  In  the  nozzle  outlet  section  are  poorly  de¬ 
veloped. 


If  we  do  not  measure  pressure  experimentally.  It  may  be  com¬ 
puted  approximately  In  accordeuice  with  the  formula  f^  «  ^v^^kr* 

In  experimental  determination  of  the  9  and  9^  coefficients,  it 

JlW 

Is  practicable  to  perform  the  theoretical  computations  for  the  engine 


thermal  cycle  in  accordance  with  the  engine's  static  test  data  (pj^,  0^, 
and  X  ■  Qg  ^/Og  g)  because  of  which  the  magnitudes  of  Pj^  and  Og  In  the 
formula 
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ft  t 


(6.75) 


are  cancelled  out  and  therefore 


^kr/^kr. f 


If,  during  a  g|^>s  static  trials,  a  given  operating  regime  with 
regard  to  per-second  fuel-flow  rate  Is  sustained,  so  that  0^  »  Og 

therefore,  <Pp^  “  VPk.t>  Pk  “  Pk.t'  “  ®s  t/®s* 

Having  determined  the  values  of  q>  .  and  q>  ,  and  also  considering 

ua  Pj^ 

that  q>.  si  for  an  Isobarlc  combustion  chamber,  we  may  compute  the 
^k 

nozzle-efficiency  correction  factor  for  the  gas  stream  from  the  engine 


nozzle,  l.e.  , 

’s  '  (S-  76) 

Dividing  fuel -energy  losses  Into  losses  In  the  engine  combustion 
chamber  and  In  the  nozzle  Is  convenient  because  by  this  means  It  Is 


easier  to  ascertain  the  reasons  for  a  decreased  Pud>  and  plan  methods 
for  decreasing  energy  losses  for  the  fuel  used. 

We  determine  engine  characteristics  In  accordance  with  the  ex¬ 
perimental  coefficients  In  the  following  manner: 

1.  Having  assumed  the  values  of  the  ®  and  coefficients,  we 

Pk  ® 

determine  engine  specific  thrust: 

^ud  “  ^pj^^s^ud.t  kg -thrust/(kg- fuel/sec)  (6.77) 

and  per-second  fuel -flow  rate  to  the  combustion  chamber  (pj^  ■  Pj^  ^) : 

kg/sec.  (6.78) 

ffgft  '  • 

2.  We  determine  the  area  of  the  nozzle  throat  under  the  same  con¬ 


ditions  (pj^ 

1.  e. , 


Pk  t^  accordance  with  the  equation 


o. 


PK.rPtp.t 

Osr 


or 


3.  We  determine  the  dimensionless  area  of  the  nozzle  outlet  sec- 


0 


tlon: 


the 


-  V  kr* 

4.  In  accordance  with  the  formulas  given  above,  we  compute 
coefficients  and  p. 

5.  We  determine  the  engine's  theoretical  thrust  coefficient  when 
operating  In  space: 

A  K _ «  _ 


“1 
p» 

1  I  *  ^ _ £« _ 

2*  *-> 


(6.79) 


In 


and  then  compute  the  true  value  for  the  engine  thrust  coefficient 
accordance  with  the  formula 

t* 

6.  We  determine  the  area  of  the  nozzle  throat  In  accordance  with 
the  formula  for  the  engine -chamber  thrust  when  operating  In  the  atmos¬ 
phere  : 


1.  e. 


'  Pk  /  .  PtI 


Pm 


•  (S-80) 

'  i^m  Pm  f 

7.  We  determine  the  engine’s  specific  thrust  In  space  and  In  the 
atmosphere : 

•\xd,i>  “  ^p/®s  *  l«-thrust/(kg -fuel/sec) 


(6.81) 


and 


ft)- 

-C+D^. 

Pm 

Die  formulas  for  absolute  and  specific  thrusts  given  here 
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andp 

P»  ’  Pm 

may  be  used  for  computing  engine  altitude  characteristics,  assuming  A, 
B,  C,  and  D  as  constant  quantities.  By  this  means,  one  must  assume  a 
number  of  values  for  flight  altitude  and  select  values  of  p_  appro- 
prlate  for  them  In  accordance  with  the  table. 

8.  We  determine  the  per-second  fuel-flow  rate  to  the  combustion 


chamber 


kg/sec. 


These  formulas  may  also  be  used  for  computing  an  engine's  flow- 
rate  characteristics,  assiimlng  E  and  as  constant  quantities.  Thus, 
one  must  assume  a  niimber  of  values  of  p^^  or  0^  (from  maximum  to  min¬ 
imum)  and  compute  Gg  or  Pj^,  accordingly. 

Because  of  the  difficulties  connected  with  maintaining  a  con¬ 
stant  fuel -flow  rate  when  determining  an  engine's  flow-rate  character¬ 
istics  during  Its  static  tests,  as  a  changing  magnitude  for  the  flow- 
rate  characteristics  we  often  assume,  not  the  flow-rate,  but  a  magnitude 
of  pressure  p^^  In  the  combustion  chamber  which  Is  proportional  to  the 
flow  rate. 


One  must  not  forget  that  If  there  Is  a  considerable  decrease  In 
the  fuel-flow  rate  to  the  engine  combustion  chamber  emd  nozzle,  such  a 
great  gas  overexpansion  may  set  In  that  the  gas  may  be  detached  from  the 
nozzle-liner  surface,  accompanied  by  the  appearance  of  a  normal  gas- 
compression  wave.  Thus,  the  gas  velocity  at  the  nozzle  outlet  will  be 
subsonic  and  the  usual  formula  for  computing  the  flow-rate  character¬ 
istics  which  was  derived  for  a  supersonic  exhaust.  Is  unsuitable  for 


use. 


For  approximate  conqputatlons ,  we  may  use  the  following  relation¬ 
ships: 
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20  MQ  io,fyam 

Pig.  6.30.  Tj^  and 

as  functions  of  the 
Pj^  for  the  fuel -com¬ 
bustion  products 
when  a  B  1  atm  abs. 
1)  atm  abs. 


T,»-^and  (6.82) 

Figures  6.30-6.33  show  the  effect  of  gas 
pressures  p^  In  the  combustion  chamber  and 
oxidizer  coefficient  a  on  parameters. 

Vlhen  p^  is  raised^  the  parameters  for 
the  products  of  combustion  of  a  given  fuel 
and  engine -chamber  nozzle  geometrical  dimen¬ 
sions  and  weight  are  changed  in  the  following 
manner: 


1)  combustion  temperature  Tj^  increases  only  slightly  (Plg.  6. 30), 
which  is  partially  explained  by  some  depression  in  gas  dissociation  as 
p^  rises,  and,  consequently  an  increase  in  the  fuel  heat -liberation 
coefficient 

2)  the  gas  temperature  at  the  outlet  from  the  engine-chamber 

nozzle  decreases  (see  Fig.  6.30),  which  is  explained  by  the  more  con¬ 
siderable  decrease  in  the  value  of  (p^/Pj^)  as  Pj^  rises  relative 

to  the  change  in  the  ratio  in  the  formula 

3)  the  value  of  the  ^  parameter  increases  very  slightly  (Fig. 
6,31)*  which  is  explained  by  the  great  decrease  in  the  value  of  the 
per-second  fuel-flow  rate  as  Pj^  rises  relative  to  the  change  in  the 
product  of  PjjFj^  in  the  formula 

4)  the  chamber-nozzle  throat  is  decreased  in  accordance  with  the 
hyperbolic  law  (see  Fig.  6.32),  which  is  chiefly  explained  by  the  de¬ 
crease  in  per-second  fuel-flow  rate  to  the  chamber  of  an  engine  of 
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^  i^saBHf 
lemauHi 


Fig.  6.31*  and  p  as 
functions  of  Pj^.  l)  Kero¬ 
sene  +  oxygen;  2)  ethyl 
alcohol  +  oxygen;  3)  kero¬ 
sene  +  HNO-;  4)  atm  abs. 


Fig.  6.32.  Fj^  fluid 

F^  of  a  chflunber  noz 

zle  as  functions  of 
when  p^  »  1  atm 

abs.  1)  Pj^j  atm  abs 


Fig.  6. 33*  Chau'acter  of 
changes  In  <Pp^,  9g, 

and  as  functions  of 
pr 

Pj^  when  the  cycle  Is  run¬ 
ning  smoothly.  In  a  cham¬ 
ber  with  a  conical  fluid 
with  a  profiled  nozzle. 

1)  Vg  (profiled);  2)  9^ 

(conical);  3)  (pro¬ 
filed);  4)  (conical); 
5)  Pj^,  atm  abs;  6)  Xp^, 
sec. 


IggiaBSI 

mmsasm 


t^ofioy 

Fig.  6. 34.  and  p 

as  functions  of  a 
when  p^  *  1  atm  abs. 

1)  Kerosene  +  oxygen; 

2)  kerosene  +  HNOo. 


given  thrust  as  Pj^  rises; 

3)  the  flu*ea  of  the  chsunber-nozzle  outlet  section  also  decreaises 
(see  Fig.  6.32),  which  Is  e:q}lalned  by  the  necesscu^y  change  In  the 


ratio  as  Pj^  rises  to  preserve  the  given  value  of  the  gas  pres¬ 

sure  p^  at  the  outlet  from  the  nozzle; 

6)  the  engine-chamber  nozzle  weight  decreases  because  of  the  de¬ 
crease  in  its  dimensions  when  p^  rises,  €uid  as  we  already  know,  spe¬ 
cific  thrust  Increases; 

7)  the  ®  ,  9g,  and  coefficients  increase  and  the  fuel  stay 

time  in  the  combustion  chamber  decreases  because  of  the  Intensity l 
pr 

flcation  in  the  thermal  cycle  in  the  engine  chamber  (Pig.  6. 33)» 

Figure  6.3^  shows  the  change  in  specific  thrust  and  the  p 
parameter  as  a  function  of  the  excess  oxidizer  coefficient  a  for  two 
fuels. 

Example  4.  Determine  the  true  geometrical  nozzle  dimensions  and 
specific  thrust  of  an  engine  with  an  absolute  thrust  at  ground  level 
of  12,547  kg  and  operating  on  kerosene  (C  =  0.865  and  H  «=  0.135)  and 

o  o 

nitric  acid  of  weight  concentration,  when  X  =  4.37  kg/kg,  o  =  0. 8, 
Pj^  •  30  atm  abs,  Py  *=  0. 9  atm  abs,  if  =  2480  m/sec,  ^  •  2970®K, 
Ty.  t  '  1654°K,  and  ^  =  34  kg-m/kg°C. 

Solution. 

1.  Theoretical  parameters  for  the  working  fluid  and  characteris¬ 
tics  of  the  engine: 

a)  density  of  the  gases  at  the  outlet  from  the  nozzle 

b)  specific  nozzle  outlet  section 


.  I  Kt 


-  25.2- 25.2  m^/kg  »  25.2  cm^/kg. 


2.  Actual  engine  parameters  and  characteristics: 

a)  on  the  basis  of  the  statistical  data,  we  asstune  9p^  >0.96  and 

0.98; 

b)  specific  engine  thrust  is,  therefore. 


PjM.  -  fy«-^  +fii,/yM.t  (/». -Pm)  -  0,96  0, 98 +  0.96  25,2(0,9- 1 ,0» 

*  235.4  kg-thrust/(kg-fuel/sec); 
c)  per-second  fuel-flow  rate 


24S0 


0*  -  -  iH?  -  58,8  kg/s  ec ; 


^7* 


235,4 


d)  per-second  fuel -component  flow  rate 


0, 


58.3 


1+,  -l  +  4.»^ 

e)  area  of  the  nozzle  outlet  section 

/yMtdt  25.2>58.3  2 

- ssr-'*  ™  i 

f)  mean  exponent  of  Isentroplc  e:qpanslon  for  the  gases  In  the 
nozzle 


ig.£i. 

t _ 


1.5=* 

*  30 


■S 


0.9-2970 
30- 1650 


1,2; 


g)  critical  area  of  the  nozzle  when  ^kr 
Pig*  3*9  when  Pj^/Py  "  33*3  and  k  =  1.2) 


4.96  (determined  from 


.  T'.  1467  ^  2 


t 
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Chapter  VII 

PLANNING  AND  DESIGNING  ZhRD  CHAMBERS 

The  magnitudes  of  specific  thrust,  operational  reliability, 
and  cost  and  specific  weight  of  the  engine  depend  on  the  structural 
specifics  of  the  chamber  and  the  processes  (cycles)  taking  place 
within  the  chamber. 

Calculations  of  fuel- combust ion  processes  within  the  chamber, 
and  the  discharge  of  the  products  of  combustion  through  the  nozzle 
make  it  possible  only  to  determine  specific  thrust,  the  per- second 
fuel  flow  rate  under  given  conditions  of  fuel  combustion  and  given 
engine  thrust,  as  (well  as  the  basic  geometric  dimensions  of  the 
nozzle.  However,  the  structural  dimensions  of  the  nozzle  and  the  com¬ 
bustion  chamber  (including  the  basic  geometric  dimensions  of  the 
combustion  chamber) ,  as  well  as  the  most  efficient  shapes  for  these 
eu?e  generally  determined  during  the  planning,  designing,  and  strength- 
calculation  stages  for  a  chamber. 

■Rie  basic  tasks  in  planning  and  designing  an  engine  chamber 
are  the  selection  and  calculation  of  the  operational  and  structural 
chamber  parameters,  as  well  as  design  simplicity  and  low  specific 
weight,  operational  reliability,  and  high  operational  characteristics. 

In  planning  a  JjhRD,  it  is  also  extremely  Important  to  re¬ 
solve  the  problem  of  selecting  the  ignition  system  for  the  nonhyper- 

gollc  fuel  conqponents  as  the  ^glne  is  started;  in  addition,  it  is 

< 

also  extremely  inqportant  to  resolve  the  problem  of  selecting  the 


materials  of  which  the  individual  engine  parts  and  elements  are  to 
be  made,  as  well  as  the  problems  associated  with  the  construction  of 
the  engine  itself. 

The  expedient  selection  of  the  fuel- ignition  system  will 
assure  fallproof  engine  starts,  and  eliminates  the  possibility  of 
engine  breakdown  as  a  result  of  improper  ignition.  The  expedient 
selection  of  materials  for  engine  .manufacture,  as  well  as  proper  con¬ 
struction  may  result  in  reliable  engine  operation  at  minimum  specific 
weight  and  cost.  In  this  way  the  production  of  the  engine  is  also 
simplified.  The  structural  adaptation  of  the  weapon  is 

also  a  matter  of  extreme  Inportance. 

SECTION  1.  ZhRD  CHAMBER  REQUIREMENTS 

A  ch&niber,  regardless  of  type  and  design,  must  satisfy 

specific  requirements  that  are  based  on  the  conditions  under  which 
the  cheunber  is  to  operate. 

The  specific  features  of  a  cha>*®r  which  distinguish 

it  from  other  heat-engine  combustion  chambers  are  the  following: 

1)  a  high  rate  of  combustion- chamber  heat  liberation  (about 
0.5*10^  —  5*10“^  kcal/m^  hr),  which  places  great  demands  on  the 
design  of  the  combustion  chamber; 

2)  high  gas  pressures  and  temperatures  within  the  chamber 
(about  20  to  8o  atm  abs  euid  2800-3600°C) ,  vdilch  places  great  demands 
upon  the  materials  and  the  cooling  system; 

3)  short  time  periods  for  fuel  combustion  in  the  chaniber 
(not  to  exceed  0.003  sec),  which  calls  for  extremely  good  fuel- com¬ 
ponent  vaporization  (for  the  most  complete  combustion)  as  the  fuel 
is  fed  into  the  combustion  chamber; 

4)  high  per-second  fuel- component  flow  rates,  which  calls 
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for  reliable  Ignition  as  the  engine  is  started; 

5)  pronounced  impairment  of  engine- chamber  operating  economy 
and  deterioration  of  cooling  conditions,  as  operating  regime  falls 
below  the  rated  regime; 

6)  rigid  limitations  in  specific  weight  because  of  the 

specifics  of  utlllssatlon  in  conjunction  with  flying  craft, 

which  makes  it  necessary  to  use  light  and  high-strength  materials 
(with  extremely  small  strength  safety  factors)  for  the  manufacture 
of  charribers  as  well  as  of  other  engine  elements. 

The  most  Important  task  in  planning  £uid  designing  an  engine 
chamber  is  to  provide  for  the  greatest  possible  thrust  at  minimum 
specific  weight  and  maximum  design  reliability.  In  a  number  of  cases, 
when  this  is  compensated  for  by  corresponding  weight  reductions,  it 
is  fully  permissible  to  reduce  specific  thrust  somewhat.  Although 
such  a  step  would  have  only  an  indirect  effect  and  is,  at  times, 
associated  with  considerable  engine-design  changes,  it  should,  never¬ 
theless,  not  be  ignored. 

The  design  and  operational  features  of  a  ^ZhRD  are  strongly 
dependent  on  the  type  of  fuel  components  used. 

In  planning  an  engine  chamber  it  is  necessary  to  provide: 

1)  for  reliable  fuel  Ignition  during  starting,  regardless 
of  atmospheric  conditions; 

2)  for  stable  fuel  combustion  (without  pressure  variations) 
within  the  range  of  extabllshed  engine- operating  regimes; 

3)  for  small  fuel-energy  losses  with  combustion  in  the  smallest 
possible  space  and  a  given  regime  of  engine  operation; 

4)  for  reliability  of  cooling  (if  the  engine  requires  cooling) 
and  for  operations  within  the  limits  of  the  established  regimes  and 
service  lives; 
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5)  for  a  small  fluid-pressure  difference  across  the  cooling 

duct; 

6)  for  chamber-design  simplicity,  minimum  specific  weight, 
•Inlmum  cost,  etc. 

The  combustion  chambers  used  In  existing  engines,  designed 
on  the  basis  of  experimental  Investigations,  satisfy.  In  great  meas¬ 
ure,  the  majority  of  these  requirements. 

Basically,  the  perfection  of  a  ZhRD  chamber  Is  determined  by 
the  magnitude  of  the  specific  thrust  developed,  given  a  simple,  light 
and  reliable  design.  The  magnitude  of  the  specific  thrust  of  the 
engine  Is  the  most  Important  parameter  and  the  one  which  determines 
the  range  of  the  weapon  for  the  given  degree  of  design  perfection. 

The  basic  factor  affecting  the  magnitude  of  specific  thrust 
developed  by  the  engine  chamber  Is  the  quality  of  the  cycle  talcing 
place  within  the  chamber.  A  study  of  the  fuel-combustion  processes 
In  ZhRD  chambers  (for  the  purpose  of  their  subsequent  Improvement 
and  perfection)  presents  an  extremely  far  reaching  field  for  e3q)erl- 
mental  and  theoretical  Investigations. 

For  Inqproved  engine- chamber  designs.  It  Is  necessary  to  under 
take  further  Investigations  of  the  combustion  processes  (within  the 
chamber)  for  given  fuels  at  various  conq>onent  and  combustion-pres¬ 
sure  relationships  as  functions  of  the  atomization  Installation, 
the  spray  rates  for  the  fuel  components,  the  configuration  of  the 
combustion  chamber  and  the  nozzle,  as  well  as  of  a  number  of  other 
factors  and  engine- operating  conditions. 

SECTION  2.  LATERAL  AND  VOLUMETRIC  INTENSITIES  OP  PLOW  RATE  AND  HEAT 
LIBERATION  IN  ENGINE  COMBUSTION  CHAMBERS 

The  basic  qualitative  and  quantitative  characteristics  of 


combustion- chamber  operation  In  an  engine  are  the  following: 


■MM 


m 


rmmm\ 


1 . Coefficient  a  of  excess  oxidizer  In  the  fuel,  characteriz¬ 
ing  the  mazlmum  teinperature  level  for  the  combustion- chamber  cycle 
with  given  conditions  of  combustion  for  the  given  fuel: 

i  _  +  TeMiy  ap 

where  c  Is  the  mean  heat  capacity  of  the  products  of  fuel  combus- 
P 

tlon.  In  kcal/kg  °C. 

2.  Coefficient  of  heat  liberation  from  fuel  In  combustion 
chamber j  l.e.,  the  number  Indicating  which  portion  of  th,e  heat  Is 
liberated  In  the  combustion  of  the  fuel,  all  secondary  heat  losses 
taken  Into  consideration. 

3.  Coefficient  q)p  of  completeness  of  pressure  In  combustion 

Ic 

chamber,  characterizing  the  degree  of  physical  fuel- combust Ion  com¬ 
pleteness  . 

4.  Intensities  of  flow  rate  and  heat  liberation  across  com¬ 
bustion  chamber,  l.e.,  the  quantity  of  fuel  or  heat  directed  at 
one  square  centimeter  or  one  square  meter  of  maximum  combustion- 
chamber  cross  section  per  second  or  per  hour: 

Qf  _  g/cm^  sec 
* 

and 

Iccal/cm^ 

5.  The  flow  rate  and  volumetric  rate  of  heat  liberation  In 
the  combustion  chamber,  l.e.,  the  quantity  of  fuel  or  heat,  respec¬ 
tively,  at  a  unit  of  combustion-chamber  volume  per  hour  or  per  second: 

OK,--^36a)kg/m^  hr; 

_ik^3eoO“OK,A/.f*kcal/m^  hr. 

•  Ml 

For  a  comparative  evaluation  of  the  dimensions  of  en^^ilne 
conibustlon  chandlers  operating  at  various  gas  pressures  Pj^,  the 
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“reference”  values  of  cross-section  and  volumetric  heat- liberation 
rates  are  sometimes  used,  and  these  are  calculated  according  to  the 
following  formulas: 

Q;'-»p*='^^ikcal/m^  hr  abs  ati#and  kcal/m^  hr  abs  atm 

p*. }  I  />« 

In  contenporary  engines  (Table  7.1) 

OrgSis20-t-60  g/cm^  sec:  Q^,=5s(0,7-+-5,0)  10»kcal/m^  hr; 

Qt',*'(0,5-H6,0)  10^  kcal/m^  hr  andjQp^^.. 

*(l,8-i-2,0)IO*kcal/m^  hr  abs  atm. 


TABLE  7.1 

Flow-Rate  and  Volumetric  Heat-Llberatlon  Rate  Values 
for  Combustion  Chambers  In  Existing  Qiglnes 


1 

Thu  ABMriTeM 

2 

AaBBCRHe 

B  KBuepe 

cropaHMB 

Pk 

ama 

TenaoManpaate 
^  crop 

.nonepeiHaa 

4  Qrt  10-a 

KMA/tat 

MNOCTk  KaMepU 
iHHa 

oeaeMRaa 

5  Oi/«io^ 

KKaAjiac 

eH® 

8  KepOCHHO^aOTHOKHCMTHUl 

20-40 

7-15 

5—20 

7  ClIlipTO.KHCJIOpOAHWt 

15—25 

10-17 

20-32 

8  KepOCNHO*KHCMpOJ|HUl> 

25-60 

30-50 

25-50 

9  npflMOTo<iHuA  BPA  AoaayKOBoA 

1.3 

0,2-0, 5 

0,3-0, 7  ' 

OTjptfoKOMnpeccopHuA  SPA 

4.0 

0,8-1.2 

0,8— 1,3 

1)  Type  of  engine;  2)  pressure  Pj^  In  combustion  chamber.  In  abs  atmj 
3)  heat-llberatlon  rate  In  combustion  chamber;  4)  cross-section  Qp  10' 

Q  8  ^  ^ 

(kcal/hr)/m  ;  5)  volumetric,  Qy.  10"  ,  (kcal/hr)/m'^;  6)  kerosene- 


nitric  acid:  7)  alcohol-oxygen;  8)  kerosene- oxygen;  9)  subsonic 
ramjets;  10)  turbojet. 


Since  the  per-second  flow  rate  of  fuel  to  the  combustion 


chamber 


kg/sec  10*  g/sec, 

the  preceding  formula  for  combustion- chamber  unit-weight  flow  rates 
PP  “  '^kanera  Prlvedeimyy  “  %ehaaber  reference  •> 


can  be  rewritten  In  the  following  forms 

Oa  g/cm^  sec, 

pr* 

where  Pj^  is  the  absolute  gas  pressure  in  the  combustion  chamber,  in 

O 

kg/cm  . 

This  formula  indicates  that  the  flow  rate  for  a  ZliRD  com- 
bustlon  chamber  (in  g/cm  sec)  varies  almost  in  direct  proportion 
with  the  changes  in  gas  pressure  Pj^  taking  place  in  the  combustion 
chamber,  and  are  numerically  almost  equal  to  the  pressure  value  ex- 
pressed  in  kg/cm  . 

Experiments  show  that  with  an  increase  in  Pj^,  the  combustion- 
chamber  cycle  intensifies,  as  a  result  of  which  the  Increment  of 
heat  into  the  zone  of  liquid  fuel  components  Increases  because  of 
the  reverse  gas  flows.  Therefore,  without  reducing  the  intensity  of 
the  cycles  taking  place  at  the  front  end  of  the  combustion  chamber 
(heating,  vaporization  of  fuel  components,  and  initial  mixing),  it 
is  possible  to  deliver  a  greater  quantity  of  liquid  fuel  components. 


l.e.,  to  raise  the  value  of  0„  ,  to  the  same  chamber  cross  section 

^k 

per  unit  of  time  by  raising  Pj^. 

The  ratio  of  ZhRD  combustion- chamber  flow  rate  as  a  ratio 


to  combustion- chamber  pressure  can  approximately  be  regarded  as  con¬ 


stant,  and  the  following  functions  may  be  used  for  computational 


purposes: 

a)  for  nitric-acid  engines 

O 

Org»(0,8-i-t,0)pg  g/cm  sec; 

b)  for  oxygen  engines 

Oi'.wO.l  1.3)P.  S/ cm  sec ; 

c)  for  fluorine  engines 

p 

Oj>,»*^(0^-h0,9)ptg/om  sec. 
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In  designing  a  ZhKD,  the  flow  and  volumetric  heat- liberation 
rates  for  tlje  combustion  chambers  are  sometimes  used,  selecting  r 
their  values  on  the  basis  of  available  statistics.  These  resultant 
cycle  characteristics  for  the  combustion  chamber  in  the  engine  are, 
doubtlessly.  Important;  however,  from  the  standpoint  of  setting  up 
a  rational  cycle  and  expanding  the  range  of  economic  regimes  for  com¬ 
bustion-chamber  operations,  these  characteristics  are  unusable,  since 
they  do  not  reveal  the  true  picture  of  the  processes  taking  place 
in  the  combustion  chamber,  nor  do  they  Indicate  the  factors  which 
affect  the  quality  of  this  cycle  when  the  engine  operates  at  various 
regimes.  These  cheu?acterlstlcs  may  serve  only  as  a  tentative  eatl- 
mate  of  the  volume  required  in  the  combustion- chamber  being  projected 

Engines  with  high  flow  rates  and  high  operating- economy 
ratings  must,  clearly,  in  the  case  of  fuel  conqjonents  exhibit  mini- 
m\im  vaporization  time,  best  mixing,  and  uniform  distribution  through¬ 
out  the  cross  section  of  the  combustion  chamber. 

A  further  increase  in  the  flow  rate  of  a  ZhgD  combustion 
chamber,  evidently,  will  require; 

1)  a  systematic  supply  of  heat  to  the  fuel- component  injec¬ 
tion  zone,  in  order  tq  accelerate  the  fuel- component  vaporization 
process; 

2)  Intensification  of  gas- stream  turbulence  in  the  combus¬ 
tion  chamber  through  the  installation  of  cooled  "turbullzers"  or 
auxiliary  spray  nozzles,  atomizing  the  fuel  into  the  gas  stream; 

3)  the  preliminary  mixing,  in  nozzles,  of  the  fuel  components 
into  a  type  of  emulsion  (using  centrifugal  emulsion  spray  nozzles) 
and  other  steps. 

The  concepts  mentioned  above  msdce  it  necessary  for  us  to 
adopt  a  differentiated  approach  to  the  evaluation  of  combustion- 
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chamber  operations  In  an  engine  and  particularly  to  the  isolation  of 
those  characteristics  which  could,  even  if  only  in  approximate  terms, 
reflect  the  actual  qualitative  and  quantitative  cycle  diagram  in  the 
combustion  chamber  of  a  real  ent.lne. 

Example  1.  Determine  the  volumetric  heat- liberation  rate  in 
a  co^ustlon  chamber,  without  consideration  of  the  physical  heat  of 
the  fuel  being  used,  if  V,,  =  0.383  m^,  =  127  kg/sec,  H  = 

=1568  kcal/kg,  and  *=  0.77. 

Solution. 


Qv, 


G.H^ 


9600 


127.1S68  0'.77 
0.389 


3600 


,,«.w  . 

m'^ 


=  400 


kcal/sec 

liter 


SECTION  3.  DETHIMINATION  OF  COMBUSTION- CHAMBER  VOLUME  IN  ENGINES 

In  order  to  bum  the  fuel  to  an  equilibrium  state  for  the 
products  of  combustion,  we  require  appropriate  combust ion- chamber 
volume  and  length  in  the  engine. 

The  combust ion- chamber  volume  in  the  engine  covers  the  en¬ 
tire  fleune  tube  from  the  head  to  the  cross  section  of  the  converging 
section  of  the  nozzle  (whose  area  P  =  SPj^p)  since,  in  this  portion 
of  the  chamber,  the  most  intensive  fuel- combust ion  and  complete- 
combustion  processes  take  place,  without  any  marked  reduction  in 
pressure  along  the  length  of  the  chamber. 

The  following  affect  the  required  combustion-chamber  volume: 

1)  the  type  of  fuel,  its  conqposltlon,  the  per-second  flow 
rate,  and  the  atomization  system  for  the  fuel-feed  system  into  the 
chamber; 

2)  the  pressure  and  temperature  of  the  products  of  fuel  com¬ 
bustion; 
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3)  the  shape,  and  length  of  the  combustion  chamber,  and 
similar  factors. 

If  the  volume  of  the  combustion  chamber  is  less  than  required, 
some  of  the  fuel  will  not  be  fully  consumed  and  will  be  carried  away 
by  the  gases,  through  the  nozzle,  into  the  surrounding  medium;  if, 
on  the  other  hand,  this  volume  is  excessively  large,  then  the  com¬ 
bustion  chamber  will  be  too  large  and  heavy,  and  this  will  have  a 
negative  effect  on  the  flight  characteristics  of  the  weapons.  In 
addition,  in  a  combustion  chamber  that  is  somewhat  too  large,  there 
will  be  significant  losses  due  to  friction  and  heat  transfer  from 
the  gases  to  the  chamber  liner,  and  in  addition,  gas-pressure  flue- 
tuatlons  are  possible,  these  latter  capable  of  setting  up  vibrations 
throughout  the  entire  engine. 

Con^lete  fuel  combustion  and  the  required  combust ion- chamber 
volume,  in  great  measure,  depend  on  the  manner  in  which  the  fuel  mix¬ 
ture  is  made  ready  for  combustion.  The  more  perfect  the  atomization 
of  the  fuel  components  and  the  more  uniform  the  distribution  of  the 
fuel  conqponents  through  the  cross  section  of  the  combustion  chamber, 
the  more  complete  the  combustion  of  the  fuel. 

In  planning  a  combustion  chamber  for  an  engine  it  is  extremely 
Importeuit  to  select  a  volume  at  which  it  is  possible  to  attain  the 
most  complete  combustion  of  the  fuel  and,  consequently,  the  greatest 
specific  thrust  with  the  lowest  specific  engine  weight. 

In  view  of  the  fact  that  the  cycles  within  a  combustion 
chamber  of  an  engine  have  not  been  adequately  studied,  it  is,  at 
the  present  time,  impossible  to  determine  the  optimum  volume  and 
necessary  dimensions  of  the  planned  combustion  chamber  with  theoreti¬ 
cal  precision.  These  parameters  must  be  established  in  approximate 
terms  only,  and  here  we  can  make  use  only  of  the  extremely  limited 
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statistical  data. 


At  the  present  time,  the  required  volume  of  an  engine  com¬ 
bustion  chamber  can  be  approximately  determined  by  one  of  the  follow¬ 
ing  methods: 

l)  according  to  the  reference  length  of  the  combustion  cham¬ 
ber,  i.e.,  the  ratio  between  combustion- chamber  volume  Vj^  and  the 


critical  nozzle  section  P, 


kr* 


i.e. , 

(7.1) 

2)  according  to  the  stay  time  Tp^  of  the  fuel  In  the  com¬ 
bustion  chamber >  1 . e . , 


3)  according  to  volumetric  thrust  p^  (thrust  referred  to 
one  liter  of  combustion- chamber  volume),  i.e., 

liters;  (7.3) 

4)  according  to  the  heat- liberation  rate  Qy.  of  the  com- 

bustlon  chamber,  I.e., 


Vr^.^^360Q„3  (7.4) 

Qv, 

In  existing  engines,  generally  Ip^  »  ^^k^^kr^  *  1.7-4  m; 

Tpy  *  0.003-0.005  sec;  «md  »  70-450  kg/llter. 

These  parameters  do  not  reflect  the  effect  of  combustion- 
chamber  shape  on  the  quantity  although  this  effect  Is,  In  fact, 
present;  neither  do  we,  with  these  parameters,  take  Into  considera¬ 
tion  the  nature  of  the  cycle  within  the  combustion  chamber,  and  this 
depends  on  structural  and  similar  factors.  In  planning  a  the 

values  of  these  parameters  must  be  selected  on  the  basis  of  statlsti- 
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cal  data. 


The  values  of  Ip^,  P^,  and  Qy.  are  strongly  dependent  on  the 

Ic 

type  of  fuel  and  the  pressure  within  the  combustion  chamber.  There¬ 
fore,  a  coinputatlon  of  combustion- chamber  volume  on  the  basis  of 
these  parameters  proves  to  be  extremely  inaccurate. 

If  there  are  no  thoroughly  worked  out  and  precise  data  with 
respect  to  these  parameters  for  an  engine  similar  to  the  one  being 
planned  (operating  on  the  same  fuel,  with  the  same  pressure  in  the 
combustion  chamber,  and  exhibiting  the  same  atomization  system),  then 

the  parameter  t  _,  the  value  of  which  is  a  weak  function  of  p^  is 
pr  K 

the  most  appropriate  for  the  determination  of 

Experiments  indicate  that  with  an  increase  in  Pj^,  the  value 
of  Tp^  diminishes  Insignificantly  as  a  result  of  the  increased  vapori¬ 
zation  rate  for  the  fuel  components  in  view  of  the  heat  Increment 
from  the  backflow  of  gases  to  the  zone  of  liquid  fuel  components 
(cycle  Intensification  in  the  combustion  chamber).  For  example,  for 
fuel  T-1+8oj^  HNO^  with  20$^  NgO^^,  at  Pj^  =  20  abs  atm,  we  may  assume 
Tp^  »  0.0045  sec,  and  at  pj^  =  60  abs  atm,  we  may  assume  Tp^,  •  0.003  sec, 
which  falls  within  the  norms.  In  alcohol- oxygen  engines,  Xp^^  is 
somewhat  smaller  than  in  nitric-acid  engines. 

A  comparison  of  Eqs.  (7.1-7. 4)  for  yields  the  following 


e:q>resslon: 


•  P,  Qv,  ’ 


(T.5) 


which  Indicates  that  t  and  1  ,  as  well  as  P.  and  are,  respec- 

tlvely,  proportional  to  one  another. 

Between  the  volumetric  thrust  Pj^  and  the  reference  length 

1  of  the  combustion  chamber,  we  find  the  following  dependence  (at 
pr 

Pv  =  P«)5 
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(7.6) 


- 

where  p  =  Pj^^lcr^^s’  actual  pressure  pulse  in  the  combustion 
chamber  of  the  engine. 

Volumetric  thrust  is  a  function  of  the  type  of  fuel  used, 
the  design,  and  the  operating  regime  of  the  engine. 

Figure  7.1  shows  volumetric  and  specific  engine  thrust  as 
functions  of  the  volume  of  the  combustion  chamber.  The  curves  shown 
in  this  figure  indicate  that  with  an  increase  in  combustion-chamber 
voliime,  volumetric  thrust  diminishes.  The  optimum  volumetric-thrust 
value  is  the  one  which  corresponds  to  the  maximum  value  of 

For  an  approximate  comparison  of  operational  economy  in 
various  Zhg  with  respect  to  volumetric  thrust  (with  various  Pj^ 
values,  but  identical  p^  values)  it  has  been  accepted  to  refer  the 
quantity  to  the  identical  pressure  in  the  combustion  chamber 
(generally  to  Pj^  =  20  or  30  abs  atm)  in  accordance  with  the  follow¬ 
ing  formula 


9  30  o  «  /  i-wao) 

'1/ 


(7.7) 


With  precharaber  atomization  of  fuel  components,  the  pre¬ 
chamber  volume  is  generally  3  bo  dji  of  the  combustion- chamber  volume. 

In  view  of  the  Inadequate  and  Incomplete  eiqperlmental  mate¬ 
rials  permitting  us  to  determine  optimum  volumes  for  atomization  pre- 
chainbers  in  the  conibustlon- chamber  head  of  the  engine,  and  in  view 
of  a  lack  of  reliable  data  on  the  applicability  of  prechamber  atomi¬ 
zation  for  the  other  types  of  fuel  used  (with  the  exception  of  ethyl 
alcohol  and  liquid  oxygen  —  for  which  this  atomization  method  is 
*l l^ubscrlpt :  npHB  -  priv  «  reference.] 
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presently  in  use),  the  selection  of 
the  pre chamber  atomization  of  fuel 
components,  prechamber  volumes,  the 
number  of  prechambers,  and  the  manner 
In  which  they  are  distributed  In  the 
chamber  head  should  be  carried  out 
on  the  basis  of  existing  eiqperlmental 
and  statistical  data. 

In  determining  the  volume  of 
a  Zhgp  combustion  chambers.  It  Is  necessaz*y  to  bear  In  mind  that: 

1)  the  optimum  volume  for  a  combustion  chairiber  (to  provide 
for  complete  and  stable  fuel  combustion)  Is  a  function  of  a  great 
many  factors  whose  effect  on  the  volume  cannot,  for  the  time  being, 
be  taken  Into  consideration  In  precise  terms; 

2)  the  volume  of  the  combustion  chamber  must  vary  for  var¬ 
ious  types  of  fuel  components,  atomization  methods,  and  combustion 
conditions,  since  vaporization,  activation,  and  component- combustion 
rates  vary  In  this  case; 

3)  In  the  case  of  insufficient  combustion- chamber  volume, 
the  fuel-combustion  process  will  be  Incomplete  and  unstable,  and 
specific  thrust  will  be  reduced; 

4)  It  Is  necessary  to  select  the  optimum  combustion-chamber 
volume,  both  In  terms  of  specific  thrust,  as  well  as  In  terms  of 
specific  weight; 

3)  the  optimum  volume  of  the  combustion  chamber  can  be  re¬ 
duced  by  Increasing  the  gas  pressure  within  the  chamber,  and  through 
the  use  of  Inqproved  atomization  devices,  and  with  the  Installation 
of  special  "turbullzers”  within  the  chainber;  In  addition,  there  are 
certain  other  measures  which  will  serve  to  speed  up  the  processes  of 
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Fig.  7>1> Volumetric  and  spe¬ 
cific  engine  thxnist  as  func¬ 
tions  of  combustion- chamber 
volume.  1)  Without  considera¬ 
tion  of  heat  transfer  to 
cooling  fluid. 


preparing  and  burning  the  fuel; 

6)  the  lower  the  voliome  of  the  combustion  chamber,  the  easier 
It  Is  to  cool  the  chamber  with  one  of  the  fuel  components,  given  a 
small  pressure  difference  across  the  cooling  duct,  and  the  lower  the 
specific  weight  of  the  chamber  (combustion  chambers  that  are  ellipti¬ 
cal  and  spherical  In  shape  have  smaller  cooled  surfaces). 

The  above- enumerated  factors  which  affect  the  optimum  com¬ 
bustion-chamber  volume  are  contradictory.  For  example,  a  combustion 
chamber  that  Is  large  In  volume  and  provides  for  complete  fuel  com¬ 
bustion  cannot,  simultaneously,  have  low  specific  weight  or  small 
pressure  losses  for  the  fluid  In  the  cooling  duct.  Therefore,  in 
determining  the  required  volume  of  a  combustion  chamber.  It  Is  neces¬ 
sary  to  adopt  a  conpromlse  solution  which  satisfies  the  majority  of 
the  requirements  Imposed,  depending  on  the  designation  and  operating 
conditions  for  tlje  engine. 

Example  2.  Determine  the  volume  and  reference  length  of  an 
engine- combustion  chamber.  If  the  diameter  of  the  cylindrical  portion 
of  the  chamber  Is  230  mm.  If  the  length  Is  320  mm,  and  If  the  criti¬ 
cal  section  of  the  nozzle  has  a  diameter  of  92  mm. 

1.  The  area  of  the  critical  section  of  the  nozzle  Is 


c«». 

2.  The  cross  sectional  area  of  the  converging  section  of  the 
nozzle,  said  area  used  to  calculate  the  volume  of  the  combustion 


chamber: 


whence  the  diameter  of  this  section 


3.  The  length  of  the  converging  section  of  the  nozzle,  In- 
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eluded  In  the  volume  of  the  combustion  chamber,  according  to  the 
nozzle  drawing  Is  1^^^^  »  IgO  mm.* 

4.  The  volume  of  the  combustion  chamber 

^  (4*  +  w  + /^  « 

3.  Reference  length  of  ccmibustlon  chamber 

;  V,  18.82.  UMD 

^  ^ - ^ - 28(tem-2.l4B.. 


SECTION  4.  ADVANTAGES  AND  SHORTCOMINOS  OF  COMBUSTION  CHAMBERS,  OF 
VARIOUS  SraUCTURAL  SHAPES,  AND  THEIR  HEADS 

The  design  of  a  chamber  Is  based  on  the  over-all  assembly 

and  the  structural  features  of  the  head,  the  combustion  chamber,  the 
nozzle,  the  cooling  duct,  the  liner  thrust  frame,  etc.  A  classifica¬ 
tion  of  existing  combustion  chainbers  for  ZhRD  Is  cited  In  Chapter  II. 

Zhgp  chambers  may  be  constructed  with  or  without  a  stress¬ 
bearing  connection  between  the  surfaces  of  the  Inner  and  outer  liners. 

To  facilitate  cooling,  the 
Inner  liner  of  the  chamber  should 
be  made  as  thin  as  possible  In  order 
to  reduce  the  tenqperature  differences 
between  the  gas  and  liquid  surfaces. 
However,  In  this  case,  because  the 
gas  pressure  within  the  combustion  chamber  exceeds  the  pressure  of 
the  liquid  In  the  cooling  duct.  It  Is  necessary  to  fasten  this  liner 
to  the  outer  liner  of  the  chamber.  In  existing  ZhRD,  the  stress¬ 
bearing  connections  between  the  chamber  liners  are  accomplished  by 


Fig.  7 >2.  Arrangement  of  com¬ 
bustion-  chaniber  Interllner 
attachment  connections. 


^szh  “  ^suzhayushcheysya 

V  =  V  as  V  1 

ts  tsentr  center  *•' 


1 


converging* 


] 
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means  of  contact  welding  or  hlgh-tenqperature  "soldering.”  The  contact 
at  the  points  of  welding  (soldering)  is  achieved  either  through  the 
use  of  special  pads,  or  by  raising  sections  of  the  outer  liner  —  the 
chamber  Jacket  —  by  means  of  stamping. 

The  arrangement  of  the  attachment  connections  between  the 
chamber  liners  may  run  the  length  of  the  liner,  may  be  helical,  or 
spot  (Pig.  7.2). 

In  designing  chambers  with  connected  liners,  the  selec¬ 

tion  of  the  type  and  arrangement  of  the  stress-bearing  elements  is 
of  primary  Inqportance.  The  spot  connections  may  be  arranged  in  rec¬ 
tangular  or  triangular  ("chessboard")  fashion. 

The  arrangement  of  the  interliner  stress-bearing  attachments 
is  based  on  the  load  diagrams  for  the  combust ion- chamber  liners  of 
the  engine. 

In  the  case  in  which  the  liners  are  attached  to  one  another, 
the  stress  loads  are  borne  by  both  liners,  and  therefore  the  inner 
liner  may  be  made  of  much  thlner  material  (lower  weight),  and  this 
makes  the  cooling  conditions  very  much  easier,  and  also  slmpllfisi 
the  technology  required  for  the  manufacture  of  such  chambers.  How¬ 
ever,  given  such  a  liner  arrangement,  it  is  difficult,  in  practice, 
to  provide  for  high-strength  cormectlons  between  the  two  liners, 
and  the  pressure  difference  for  the  cooling  fluid  in  the  duct  rises 
substantially  when  there  are  spot  connections  in  the  form  of  stamped 
sections,  and  this  is  particularly  true  in  the  case  of  high  combus¬ 
tion-chamber  pressures. 

With  liquid  being  fed  (under  pressure)  into  the  inter Jacket 
chamber  space,  reaction  forces  arise  at  the  liner  contact  points.  The 
stressed  state  of  the  inner  chamber  liner  will  be  determined  by  the 
pressure  of  the  liquid  in  the  duct  and  the  magnitudes  of  these  re- 


action  forces.  The  latter  are,  primarily,  functions  of  liquid  pres¬ 
sure,  as  well  as  of  chamber- liner  rigidity,  the  connection  arrange¬ 
ment,  and  the  number  of  connecting  elements. 

Cylindrical  and  spherical  (or  shapes  similar  to  these)  com¬ 
bustion  chambers  are  the  ones  most  commonly  used.  The  basic  advan¬ 
tage  of  a  cylindrical  combustion  chamber,  relative  to  combustion 
chambers  of  other  shapes,  is  the  simplicity  of  design  and  manufac¬ 
ture  and,  consequently,  low  cost.  In  addition,  this  combustion  chamber 
exhibits  a  smaller  diameter. 

The  basic  shortcomings  of  the  cylindrical  combustion  chamber 
include  the  following: 

1)  given  an  identical  volume,  this  chamber  has  great  liner 
surface,  thus  making  the  cooling  operation  complex; 

2)  all  other  conditions  being  equal,  this  chamber  has  infer¬ 
ior  strength  characteristics,  thus  increasing  specific  weight  amd 
cost; 

3)  the  gas  stream  in  this  combustion  chamber  adheres  more 
closely  to  the  surface  of  the  liner  than  would  be  the  case  in  a 
spherical  combustion  cheunber,  and  this  diminishes  turbulence  some- 
trtiat,  causing  the  laminar  gas  layer  to  become  thinner  at  the  surface 
of  the  liner,  and  this  leads  to  a  reduction  in  the  completeness  of 
fuel  combustion  and,  consequently,  to  a  reduction  in  specific  thznist; 
moreover,  the  reduced  turbulence  serves  to  increase  the  transfer  of 
heat  from  the  gases  within  the  liner; 

4)  lower  operational  stability  because  of  high-frequency 
vibrations,  limiting  flow  rate  and  reducing  the  range  of  possible 
thrust  control  through  variations  in  fuel  flow  rate. 

Oylindrlcal  conibustion  chambers  are  made  with  demountable 
or  welded  heads.  These  chambers  are  generally  utilized  in  one-time 
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or  multlshot  engines  of  low  and  medium  thrust,  where  simple  and  low- 
cost  designs  are  a  primary  requirement.  In  recent  times,  the  com¬ 
bustion  chambers  that  are  most  frequently  used  are  cylindrical  in 
shape,  have  a  flat  head,  and  single-conqponent  centrifugal  spray 
nozzles.  As  an  example  of  a  ZhRD  with  cylindrical  combustion  cham¬ 
bers  we  cah  cite  the  German  kerosene- nitric- acid  engines. 

Shperlcal  or  the  close-to- spherical  pearshaped  combustion 
chambers  exhibit  the  following  basic  advantages  relative  to  com¬ 
bustion  chambers  of  other  shapes: 

1)  for  a  given  volume,  they  have  a  smaller  liner  surface, 
thus  reducing  combustion- chamber  specific  weight,  and  facilitating 
cooling  of  the  chamber; 

2)  for  a  given  pressure  within  the  combustion  chamber,  these 
chambers  have  thinner  liners,  and  this  tends  to  reduce  the  specific 
weight  of  the  combustion  chamber; 

3)  the  liner  of  these  combustion  chambers  is  more  stable 
against  buckling  inward  under  the  action  of  the  static  pressure  of 
the  cooling  liquid; 

4)  the  fuel- combustion  process  within  these  chainbers  is  more 
complete  as  a  result  of  the  relatively  good  turbulizatlon  of  the 
gas  stream,  and  this  tends  to  raise  specific  engine  thrust  by  2  to 
35^; 

3)  all  other  conditions  being  equal,  there  is,  in  these 
chambers,  less  transfer  of  heat  from  the  gases  to  the  chamber  liner 
because  of  the  presence,  about  the  surface  of  the  liner,  of  a  thicker 
laminar  layer  which  reduces  heat  transfer  from  the  gases  to  the 
liner  and  thus  facilitates  the  cooling  of  the  combustion  chamber 
(comparatively,  the  gas  stream  does  not  press  as  closely  to  the 
surface  of  the  liner) . 
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The  basic  shortcomings  of  spherical  combustion  chambers  are 
the  following: 

1)  complexity  of  design  and  production  technology,  which 
serves  to  raise  cost; 

2)  a  comparatively  large  combustion- chamber  diameter,  which 
may  require  extending  the  midsection  of  the  missile. 

Spherical  combustion  chambers  generally  have  a  welded  spheri¬ 
cal  head.  This  shape  for  combustion  chambers  Is  used  on  engines  of 
great  thrust,  operating  for  extensive  periods  of  time,  when  the  volume 
of  the  combustion  chamber  Is  large  enough  to  make  prechamber  atomi¬ 
zation  of  the  con^onents  feasible,  and  also  when  the  gain  from  weight 
reduction  and  Inproved  operational  economy  (due  to  shape)  exceeds 
the  Increased  production  cost . 

As  an  example  of  a  with  a  spherical  combustion  chainber 
we  can  cite  the  Oerman  A-4  alcohol- oxygen  engine. 

Combustion  chambers  that  are  conical  in  shape  have  not  come 
Into  use  because  of  the  great  shortcomings  that  they  exhibit  and 
because  they  demonstrate  no  advantages  whatsoever  over  other  shapes. 

E;q>erlments  have  established  that  the  transition  from  a 
spherical  or  elliptical  combustion  chamber  to  a  cylindrical  combus¬ 
tion-chamber  shape  has  a  negative  effect  on  fuel- component  mixing 
and  combustion  because  there  is  a  reduction  in  the  initial  "turbull- 
zatlon"  of  the  gas  stream  in  this  case  and,  consequently,  the  spe¬ 
cific  thrust  of  the  engine  Is  reduced  by  2  to  35^. 

Combustion- chamber  heads  In  are  primarily  flat  or 

spherical.  Flat  chamber  heads  have  various  design  shapes.  Sometimes 
they  are  made  of  three-wall  construction  with  Individual  planes  for 
the  combustible  and  the  oxidizer.  The  upper  plate  Is  generally  spheri¬ 
cal  In  shape,  whereas  the  last  two  plates  are  flat,  and  It  is  In 


these  plates  that  the  nozzles  are  mounted.  In  this  case,  the  fuel 
con^onent  used  for  the  cooling  of  the  chamber  enters  the  lower  head 
cavity  formed  by  the  flat  plates  and  passes  to  the  combustion  chamber 
through  the  spray  nozzles.  The  second  fuel  component  Is  fed  directly 
Into  the  upper  head  cavity  formed  by  the  spherical  upper  plate  and 
the  flat  middle  plates,  subsequently  entering  the  combustion  chamber 
from  this  cavity  through  connector  tubes  which  Intersect  the  flat 
plates  of  the  head  and  terminate  In  spray  nozzles.  Each  of  the  three 
plates  of  the  combustion  chamber  are  connected  to  each  other.  The 
upper  plate  Is  connected  to  the  middle  flat  plate  by  means  of  vari¬ 
ously  shaped  gusset  plates,  and  for  purposes  of  connecting  the  flat 
plates  spot-stamped  sections  or  expanded  nozzle- frames  may  be  used. 
Since  the  number  of  nozzles  Is  generally  high  (In  the  hundreds),  the 
latter  method  of  connecting  the  liners  (plates)  Is,  for  all  Intents 
and  ptirposes,  also  quite  reliable. 

The  structural  configuration  of  the  head  depends  primarily 
on  the  shape  selected  for  the  combustion  chamber,  on  the  diameter  of 
the  chamber,  the  type  of  fuel  components  used,  and  also  on  which  of 
the  fuel  conponents  Is  used  for  the  cooling  of  the  chamber.  Plat 
heads  are  used  In  chambers  of  engines  developing  low  or  medium  thrust. 
They  are  most  convenient  for  cylindrical  combustion  chambers  from 
the  standpoint  of  structural  slnqpllclty  and  convenience  of  locating 
Jet  and  centrifugal  spray  nozzles  for  the  combustible  and  the  oxi¬ 
dizer.  Flat  heads  In  combination  with  a  cylindrical  combustion  cham¬ 
ber  provide  for  good  uniformity  of  velocity  field  and  f uel- cong>onent 
concentration  through  the  cross  section  of  the  chamber.  The  short¬ 
comings  of  flat  heads  Involve  their  comparatively  limited  strength 
and  rigidity  In  the  case  of  substantial  combustion-chamber  cross  sec¬ 
tion.  Therefore,  the  heads  of  large-diameter  combustion  chambers  must 
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have  special  stress-bearing  elements. 

Spherical  heads  are  frequently  made  with  prechambers  and  are 
used,  primarily,  In  combustion  chambers  for  alcohol- oxygen  engines 
developing  medium  and  great  thrust.  This  type  of  head  Is  also  suit¬ 
able  from  the  standpoint  of  combatting  the  phenomena  associated  with 
lateral  sound  vibrations  characteristic  for  engines  with  large-dia¬ 
meter  combustion  chambers.  The  advantage  of  this  type  of  head  lies 
in  the  fact  that  It  Is  high  In  strength  and  rigidity,  and  its  short¬ 
coming  lies  In  the  fact  that  It  is  comparatively  complex  in  design. 

The  Installation  of  prechambers  In  the  head  of  the  combus¬ 
tion  chamber  facilitates  the  experimental  adjusting  of  the  atomiza¬ 
tion  system,  since,  in  this  case,  the  preliminary  adjusting  of  only 
a  single  prechamber  Is  possible,  and  this  is  very  much  simpler  and 
cheaper  than  attenptlng  to  adjust  the  entire  atomization  system  of 
the  head. 

SECTION  5.  SELECTION  OP  SHAPE  FOR  ghRP  COMBUSTION  CHAMBER 

The  shape  of  the  combustion  chamber  has  a  substantial  effect 
on  the  magnitude  of  specific  thrust  as  well  as  on  the  operating 
stability  of  the  engine.  Therefore,  In  planning  a  Zjupp.  we  must 
select  a  shape  for  the  combustion  chamber  In  which  we  have  taken 
Into  consideration  the  general  chamber  requirements,  as  well  as  the 
advantages  and  shortcomings  of  the  various  shapes  of  combustion 
chambers.  In  addition  to  the  following  factors: 

1)  type  of  fuel  components; 

2)  the  suggested  atomization  system  for  these  components; 

3)  the  magnitude  of  absolute  thrust  and  the  duration  of  en¬ 
gine  operation; 

4)  the  pressure  In  the  combustion  chamber; 
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5)  the  technology  Involved  in  the  manufacture  of  the  chamber, 

etc . 

In  principle,  a  combustion  chamber  in  an  engine  must  have  a 
shape  which  will  offer  high  economy  and  low  specific  weight  and  cost. 

During  the  Second  World  War,  "cold"  combustion  chambers  were 
made  cylindrical  in  shape  to  develop  low  thrust,  and  had  a  Jet  atomi¬ 
zation  system  for  the  hydrogen  peroxide  used.  If  a  liquid  catalyst 
is  used  to  deconqpose  the  hydrogen  peroxide,  then  a  special  swlrler- 
mlxer  is  Installed  inside  of  the  combustion  chamber,  and  in  case  a 
solid  catalyst  is  used,  the  latter  "package"  is  Installed  directly 
into  the  combustion  chamber. 

It  is  well  known  that  hypergollc  [sic]  fuel  components  begin 
to  react  Immediately  upon  mixing,  and  as  a  result,  the  combustion 
process  of  these  con5)onents  depends  less  on  temperature,  pressure, 
and  combustion- chamber  shape,  than  is  the  case  with  hypergollc  [sic] 
fuel  components.  Therefore,  for  the  first  group  of  fuels  it  may 
prove  to  be  more  advantageous,  from  the  structural  standpoint,  to 
select  a  single  and  Inexpensive  cylindrical  combustion  chamber.  In 
addition,  for  efficient  ignition  of  hypergollc  and  nonhypergollc 
fuels,  as  well  as  for  low-boiling  and  high-boiling  fuel  conqponents, 
various  atomization  methods  may  prove  to  be  efficient,  and  these 
methods  may,  in  turn,  variously  Influence  the  selection  of  optimum 
combustion-chamber  shape  In  an  engine. 

The  speed  of  the  combustion  process  for  nonhypergollc  two- 
component  fuels  in  the  engine  chamber,  in  the  region  of  turbulent 
diffusion,  is  basically  determined  by  hydrodynamic  factors.  In  this 
combustion  zone,  the  properties  of  the  propellant  (fuel)  and  the 
oxidizer  are  no  longer  decisive,  nor  Is  the  temperature  factor  sig¬ 
nificant  (If  we  Ignore  the  weak  dependence  oh  the  temperature  of  the 
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corresponding  physical  constants) .  Therefore,  It  Is  natural  that  the 
shape  of  the  combustion  chamber  In  the  engine  will  have  a  substan¬ 
tial  effect  on  the  fuel- combust Ion  process  In  the  diffusion  zone, 
l.e.,  on  the  turbulent  Intermixing  of  the  components  within  the 
chamber, ’and  consequently,  on  the  rate  and  conpleteness  of  combus¬ 
tion. 


If  absolute  thrust  and  esiglne  operating  time  are  small, 
preference  should  be  given  to  a  simple  design  and  relatively  Inex¬ 
pensive  cylindrical  combustion  chambers  with  Jet  or  centrifugal 
atomization  of  fuel  components,  since.  In  this  case,  the  operating 
economy  of  the  combustion  chamber  may  be  of  secondary  Importance. 

In  the  opposing  case  (high  absolute  thrust  and  expensive  engine 
operation) ,  the  operating  economy  of  the  engine  assumes  great  Impor¬ 
tance,  and  as  a  result  a  more  perfect  spherical  or  elliptical  shape 
will  be  required  for  the  combustion  chamber,  and  the  chamber  should 
have  prechambers  or  conventional  centrifugal  atomization  of  fuel 
conponents;  therefore,  a  slight  Increase  In  chamber- design  complexity 
and  the  resulting  Increase  In  cost  for  the  chamber  may  now  become 
of  secondary  Inportance. 


Fig.  7.3.  Possible  shapes  of 
conibustlon  chambers  In  ZhRD 
developing  various  thrusts. 


An  Increase  In  the  diameter 
of  the  combustion  chamber  as  engine 
thrust  Increases,  or  an  Increase  In 
gas  pressure  In  a  combustion  chamber 
developing  a  given  thrust  Is  always 
associated  with  an  Increase  In  the 
thickness  of-  the  Inner  chamber  liner 


and,  consequently,  with  the  necessity  of  reducing  the  gas  temperature 
In  the  combustion  chamber  In  oz*der  to  avoid  overheating  the  combus¬ 
tion  liner,  and  this  means  that  with  a  drop  In  and  a  rise  In  the 
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per-second  flow  rate  of  the  fuel  in  the  engine.  This  can  be  explained 
by  the  fact  that  it  is  more  difficult  to  cool  a  chamber  liner  that 
is  thicker  because  of  strength  requirements.  On  the  basis  of  these 
concepts,  we  may  assume  that  spherical  or  elliptical  combustion 
chambers  are  best  suited  for  such  cases,  since  chambers  of  such  con¬ 
figuration,  all  other  conditions  being  equal,  have  an  inner  liner 
that  is  thinner  than  the  inner  liner  of  a  combustion  chamber  that  is 
cylindrical  in  shape. 

Plgvu?e  7.3  shows  the  outlines  of  several  possible  combustion- 
chamber  shapes  for  ZhRD  developing  various  thrusts. 

For  larger  ZhRD  (developing  thrusts  of  approximately  50  to 
100  tons),  evidently,  the  most  suitable  chamber  profile  is  profile 
5t  since  the  large  chamber  diameter,  for  all  Intents  and  purposes, 
eliminates  the  possibility  of  using  a  flat  atomization  head. 

The  effort  to  preserve  a  good  flow  of  heat  to  the  head  of 
the  combustion  chamber,  l.e.,  to  maintain  a  normal  flow  rate  in  the 
head,  calls  for  an  Increase  in  the  diameter  of  the  combustion  chamber, 
in  such  an  engine,  approximately  up  to  930  mm.  As  a  result,  the 
length  of  such  a  chamber  will,  probably,  be  approximately  600  to 
700  mm.  With  contemporary  mixture  formations,  such  a  chamber  length 
may  be  regarded  as  excessive;  however,  it  is  difficult  to  reduce  the 
length  without  impairing  the  configuration  of  the  converging  nozzle 
section  or  without  reducing  the  diameter  of  the  chamber. 

For  ZhIU)  of  relatively  greater  thrust  and  operating  on  highly 
efficient  fuel  components  at  combustion- chamber  pressures  of  the 
order  of  60  atm  abs,  the  shape  of  the  chamber  will  be  closer  to  that 
indicated  by  profile  6.  In  this  case,  because  of  the  large  diameter 
and  high  pressure,  the  head  of  the  combustion  chamber  must  be  seml- 
spherical  in  shape  and  exhibit  a  pronounced  transition  Into  the  com- 
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bust Ion  chamber  which.  In  turn,  must  gradually  form  the  nozzle. 

In  such  an  engine,  the  head  of  the  combustion  chamber  is  meant 
to  refer  to  that  portion  of  the  chamber  in  which  the  fuel  spray 
nozzles  are  located.  In  this  case,  the  diameter  of  the  chamber  emd 
the  length  of  the  chamber  will,  as  before,  be  based  primarily  on  the 
effort  to  have  a  head  that  is  not  overstressed  due  to  the  per- second 
fuel  flow  rate.  Obviously,  the  length  of  the  combustion  chamber  for 
such  an  engine  will  provide  the  required  completeness  of  fuel  com¬ 
bustion. 


The  ZhRD  combust ion- chamber  profiles  examined  here  may  be 
regarded  as  typical  for  engines  of  various  types.  In  all  of  these 
combustion  chambers,  the  diameter  is  rAther  large,  and  therefore  the 
dimensionless  areas  of  these  chambers  attain  values  of  the  order  of 


fj^  =  1.4-7. 7. 

Figure  7.3,  for  combustion- chamber  profiles  5  and  6,  indi¬ 
cates  with  dashed  lines  those  profiles  which  could  be  used  in  chambers 
at  =  3  and  4.  The  substantial  gain  In  weight  and  dimensions  for 
such  combustion  chambers  is  obvious.  However,  the  flow  rate  through 
the  combustion-chamber  heads,  in  this  case.  Increases  sharply  and 
exceeds  considerably  the  highest  values  of  ,  attained  at  the  pre- 
sent  time.  The  utilization  of  such  high-speed  combustion  chambers  is 
inexpedient  as  a  result  of  their  limited  volume  and  the  difficulty  of 
providing  a  flow  of  heat  to  the  head. 

In  selecting  combustion- chamber  shapes  for  a  engine  in  the 
planning  stage,  it  is  Inqportant  to  have  the  following  concepts  in 
mind. 


1.  The  shape  of  the  combustion  chamber  must  provide  for  small 
values  of  optimum  volume  and  specific  weight,  as  well  as  for  high 
operating  economy. 
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2.  The  shape  of  the  combustion  chamber  Is  significantly  af¬ 
fected  by  the  type  of  fuel  used,  since  this  factor  is  a  basic  cri¬ 
terion  in  determining  the  design  of  the  atomization  head  of  the  en¬ 
gine  chamber  and  the  nature  of  the  cycle  in  the  latter. 

3.  The  shape  of  the  combustion  chamber  must,  to  the  extent 
possible,  follow  the  outline  of  the  flame  of  fuel  burning  within  it, 
and  here  the  design  of  the  chamber  head  must  be  taken  into  considera¬ 
tion,  as  must  the  atomization  method  for  the  components,  the  type  of 
spray  nozzles,  the  arrangement  of  the  spray  nozzles,  and  other  factors. 

4.  With  great  thrust  and  extensive  operating  time  for  the 
engine,  a  structurally  coiiQ)lex  and  expensive  combustion  chamber  may 
prove  to  be  economically  more  suitable  than  the  simple  and  inexpen¬ 
sive,  but  less  economical, /cylindrical  chamber. 

5.  In  using  elliptical  and  spherical  combustion  chambers, 
we  achieve  a  reduction  in  liner  surface,  and  the  cooling  conditions 
are  eased;  given  this  volume,  specific  weight  also  is  reduced. 

6.  On  the  basis  of  production  and  design  considerations,  a 
coRibustlon  chamber  of  slno^le  geometric  shape  (cylindrical)  is  pre¬ 
ferred,  since  with  more  con^jlex  shapes,  the  design  and  manufacture 

of  engine- chamber  liners  Involves  considerable  difficulties;  however, 
the  operating  efficiency  of  such  a  chamber  must  still  be  high. 

7.  Given  low  thrust  and  limited  operating  time  for  the  en¬ 
gine,  preference  should  be  given  to  a  structurally  simple  and  rela¬ 
tively  inexpensive  cylindrical  combustion  chamber,  since,  in  this 
case,  operating  economy  may  be  of  secondary  lnq>ortance. 

SECTION  6.  SELECTION  OF  RELATIVE  AREA  IN  ENGINE  COMBUSTION  CHAMBERS 

The  relative  combustion- chamber  area  fj^  « 
stantlal  effect  on  the  magnitudes  of  absolute  and  specific  engine 
thrust,  and,  therefore,  must,  in  practice,  have  rational  limits. 


Pj^Pjcr  has  a  sub 
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In  designing  a  Zhpp  the  geometric  dimensions  of  the  nozzle  are 
frequently  determined  without  taking  Into  consideration  the  drop  In 
gas  pressure  across  the  length  of  the  combustion  chamber,  which  re¬ 
sults  from  the  heating  of  the  gases,  i.e.,  given  the  condition  of 
equality  between  the  gas  pressures  p^  at  the  front  of  the  combustion 
chamber  and  the  pressure  p^^,  at  the  end  of  the  chamber,  which  corre¬ 
sponds  to  Wj^  *  0  and  fj^  =  ((Pj^  »  “)/Plcr^  “  “• 

Since  a  cylindrical  combus¬ 
tion  chamber  for  an  engine  must,  in 
practice,  be  made  with  some  final 
fj^,  at  which  p^  <  Py^  and  Wj^  >  0,  the 
actual  thrust  for  such  an  engine 
will  be  lower  than  under  the  con- 

Plg.  7*^.  For  the  selection 

of  the  dimensionless  area  of  dltlon  Pn  “  Pi  “  ^k*  Therefore,  we 
the  combustion  chamber  (the  " 

diameter  of  the  chamber  is  must  set  limits  for  fj^  at  which  it 

reduced) . 

Is  possible  to  design  an  engine 

nozzle  without  taking  Into  consideration  the  hydrodynamic  drop  In 
gas  pressure  across  the  length  of  a  cylindrical  combustion  chamber, 
I.e.,  according  to  data  from  conventional  thermodynamic  calculations. 

If  In  the  given  Isobaric  combustion  chamber  for  the  engine, 
the  diameter  dj^  is  reduced  while  we  have  constant  values  for  ^kr' 
the  nozzle  spray-angle  a  and  the  difference  between  the  gas  pressure 
p^  at  the  front  of  the  combustion  chamber  and  the  pressure  p^  at  the 
end  of  the  nozzle  (Plg.  7*^),  then  In  this  case: 

l)  there  Is  an  Increase  In  the  pressure  difference  and  the 
velocity  of  the  gas  stream  In  the  combustion  chamber  and  a  correspond¬ 
ing  reduction  In  the  nozzle;  at  f^  =  5,  the  loss  of  gas  pressure  at 
the  end  of  the  combustion  chamber  will  be  negligibly  small  (about 
0.4-0.5J^);  at  fj^  =  4,  about  l%i  and  at  fj^  *  1,  we  will  obtain 
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(at  f *  1,  the  chamber  is  referred  to  as  high-speed  or 
a  heat  nozzle); 

2)  there  will  be  a  drop  in  the  total  gas-pressure  difference 
across  the  chamber  of  the  engine  (p^/p^);  in  order  to  attain  the 
initial  gas  pressure  p^  at  the  outlet  from  the  nozzle  (with  a  reduc¬ 
tion  in  Pj^)  it  is  necessary  to  shorten  the  nozzle  correspondingly 
(see  Pig.  7.3); 

3)  there  will  be  drop  in  the  coefficient  cpj^  for  the  fuel 
heat-liberation  rate,  as  a  result  of  a  reduction  in  the  coefficient 
q>  .  for  con^Jleteness  of  fuel  combustion,  due  to  a  lessening  in  the 

P  •  iC 

intensity  of  the  combustion  process,  a  drop  in  the  required  stay 

time  T  *,  €uid  the  Influence  of  other  factors  on  the  cycle; 
pr 

4)  there  will  be  an  impairment  of  the  conditions  under  which 
the  nozzles  may  be  positioned  on  the  head  of  the  combustion  chamber, 
as  well  as  a  deterioration  of  fuel- component  atomization  as  a  result 
of  a  reduction  of  chamber  diameter,  which  also  reduced  9p 

5)  there  will  be  a  reduction’ in  the  exhaust  velocity  of  the 
gases  from  the  engine  nozzle  and  a  proportional  drop  in  specific 
thrust,  since  the  same  gas-pressure  difference  for  a  heat  nozzle  will 
result  in  a  lower  exhaust  velocity  than  would  be  the  case  in  a  purely 
geometric  nozzle; 

6)  there  will  be /a  reduction  in  absolute  engine  thrust  due 
to  a  reduction  in  the  per-second  fuel  flow  rate  into  the  combustion 
chamber,  as  a  result  of  a  drop  in  the  "flow  through”  capacity  of  the 
critical  section  of  the  nozzle,  which  can  be  attributed  to  the  in¬ 
crease  in  the  critical  specific  gas  volume  at  the  same  time  that  a 
pressure  drop  occurred  across  the  length  of  the  combustion  chaunber. 

Figure  7.5  shows  tentative  calculation  curves  for  the  rela- 
“  ^pr  *  ^prebyvanlye  “  ^stay*^ 
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Pig.  7.5*  Relative  values  of  the  per- second  fuel  flow 
rate,  absolute  thrust,  and  specific  thrust,  as  func¬ 
tions  of  the  dimensionless  area  of  a  combustion  chamber 
in  an  engine. 

tive  change  in  75^,  and  7  as  functions  of  fj^  at  constant  values 

of  a,  P^/Pyi  ^  ^  Rjc  =  30  kg-nv/kg  °C,  and  =  12.  The 

curves  indicate  that: 

1)  a  high-speed  oomhustton  chamber  In  an  engine  (f^  -  1) 
relative  to  an  Isobarlc  combustion  chamber  (with  >  5)  exhibits  a 
series  of  shortcomings,  and  therefore  the  practical  utilization  of 
such  a  chamber  is  clearly  inexpedient; 

2)  with  an  Increase  in  fj^  from  1  to  3,  specific  and  absolute 
engine  thrust  Increase  very  markedly,  from  3  to  6  the  Increase  is 
Insignificant,  and  at  fj^  >  6,  they  remain  almost  constant; 

3)  at  values  of  fj^  >  3»  the  effect  of  the  gasdynamic  factors 
on  the  processes  taking  place  within  the  combustion  chamber  is  small, 
and  therefore  the  design  of  eui  engine  nozzle  must  be  based  on  the 
gas  parameters  obtained  for  a  combustion  chamber  in  thermodynamic 
calculations,  i.e.,  at  the  condition  Pj^  =  p^  and  Wj^  «  0; 

4)  at  values  of  fj^  <  3,  the  above-mentioned  assvunptions  intro¬ 
duce  a  considerable  inaccuracy  into  the  calculations,  and  this  leads 
to  an  error  in  thrust  that  is  greater  than  3$^.  In  contemporary  en- 
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glnes,  •  4-7.5  and  higher.  By  in¬ 
creasing  the  pressure  in  the  com¬ 
bustion  chamber,  we  find  that  the 
optimum  value  of  increases.  If, 
however,  in  the  given  Isobarlc  com¬ 
bustion  chambers  of  the  engine 


Pig.  7.6.  For  the  selection  of  .  ,  ,  ,  ... 

the  dimensionless  area  of  a  com-  increased  (with  Pj^,  Pj^/Py»  and 

bust ion  chamber  (the  critical 
bection  of  the  nozzle  is  in¬ 
creased)  . 


the  nozzle  flare  angle  constant 
[Pig.  7.6]),  then: 

1)  specific  thrust  will  be  reduced  because  of  the  factors 
cited  above; 

2)  there  will  be  ein  Increase  in  the  per- second  flow  rate  of 
the  fuel  into  the  engine  chamber,  since  and  p.  are  functions  of 
^kr  (4here  will  be  thrust  augmentation  in  the  chamber  in  terms  of  the 
per-second  fuel  flow  rate  ard  thrust);  with  an  Increase  in  fj^,  the 


TABLE  7.2. 

Engine  Characteristics  for  Original  and  Modified* 
Versions  (through  an  Increase  in  Pj^) 


^  \  Bapmar 

2)P 

3)p* 

^  )  Ktjmmii 

5)rf. 

'jHNraTtM 

Kt 

KtlCM* 

HZ  monAuzafetH 

MM 

MM 

O  )  flepBOHamjib* 

■uN 

1500 

41 

172 

140 

67 

6.04 

aooo 

30 

136 

140 

81 

2.98 

1)  aigine  version;  2)  P,  kg;  3)  kg/cm^; 

4)  Pm,  (kg/thrust )/kg  fuel/sec; 

6)  dj^,mm;  7)  original;  9)  modified. 

flow  rate  increases  more  intensively  than  the  specific  thrust 

drop  (see  Fig.  7.6  and  Table  7.2); 

3)  there  will  be  a  drop  in  the  specific  weight  of  the  chamber 

(the  very  lightest  is  an  engine  at  f -  1) . 

Hiiterally  foz>ced. 


The  data  of  this  table  Indicates  that  with  a  decrease  in 
from  6  to  3  because  of  an  increase  in  the  thrust  of  the  chamber 
increases  by  25^.  In  case  of  need,  the  thrust  of  an  existing  engine 
can  be  Increased  by  raising  and  0^.  However,  it  is  clearly  in¬ 
efficient  to  select  a  value  of  fj^  <  3>  since,  in  this  case,  there 
would  be  a  substantial  drop  in  engine  thrust,  i.e.,  there  would  be  a 
deterioration  of  engine- operating  economy  (see  Pig.  7.5). 

In  planning  a  ZhRD,  we  find  that  for  an  efficient  value  of 
fj^  it  is  necessary  to  take  into  consideration  the  kinetics  of  the 
fuel- combust ion  processes  within  the  chamber,  the  engine- operating 
conditions,  etc. 

Ihe  dimensionless  area  fj^  of  the  combustion  chamber  is 
uniquely  associated  with  the  flow  rate  G„  of  the  combustion  chamber, 
which  is  selected  at  the  beginning  of  the  gasdynamic  calculation 
for  a  ZhRD  for  purposes  of  determining  Pj^,  and  T^. 

Por  determination  of  Pj^  and  TjJ.  according  to  the  known  Pj^ 
and  it  is  necessary  to  know  the  state  of  the  gases  in  the  section 
for  which  the  gasdynamic  calculation  of  the  combustion  process  is 
being  carried  out. 

Precise  eiqperimental  data  on  this  point  do  not  exist  at  the 
present  time,  and  therefore,  for  the  gasdynamic  calculation  of  an 
engine  it  is  necess8u?y  to  select  the  above-mentioned  initial  com¬ 
bustion-chamber  cross  section  on  the  basis  of  purely  theoretical 
hypotheses  and  practical  considerations.  Probably,  the  truest  pic¬ 
ture  can  be  gotten  in  this  case  if  it  is  assumed  that  the  combustion 
of  the  fuel  begins  in  that  section  of  the  combustion  chamber  in  which 
the  fuel  is  vaporized.  It  should  be  assumed  that  the  tenperatvire  in 
the  zone  of  this  section  corresponds  to  the  boiling  point  for  a 
given  partial  pressure  of  the  highest-boiling  fuel  component. 
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After  selection  of  combustion-chamber  shape  for  the  ghgj^ 
has  been  made,  it  Is  necessary  to  determine  the  dimensions  of  the 
chamber.  It  is  difficult  to  resolve  this  problem  theoretically, 
since  the  chamber  dimensions  depena  on  many  factors  which  cannot, 
at  the  present  time,  be  calculated  quantitatively. 

SECTION  7.  DETHtMINATION  OP  BASIC  GEOMETRIC  CHARACTERISTICS  OP  ENGINE 
CHAMBER 

The  basic  geometric  parameters  for  a  combustion  chamber  in 
an  engine  include: 

1)  diameter  of  atomization  head; 

2)  maximum  diameter  and  length  of  combustion  chamber; 

3)  lateral  surface  of  liner,  etc. 

To  the  present  time,  no  rigid  rules  have  yet  been  set  for  the 
determination  of  the  basic  combustion- chamber  dimensions  in  an  engine. 
The  diameter  of  the  atomization  head  of  the  chamber  must  be  adequate 
to  allow  the  positioning  of  the  fuel  spray  nozzles.  In  planning  a 
ZhRD.  we  must  make  certain  that  the  diameter  of  the  head  for  the 
combustion  chamber  (of  selected  shape)  can  be  evaluated  approximately 
on  the  basis  of  statistical  data. 

In  designing  engines,  we  may  assume  the  diameter  of  the 
atomization  head  to  be: 

1)  for  a  spherical  combustion  chamber 

where  is  the  maximum  diameter  of  the  chamber,  determined  according 
to  the  following  formula  (Pig.  7.7a) 


\MVVi  «, 


roji  “  ^gol  “  ‘^golovka  “  ‘^head*^ 


(7.8) 
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where  7^  Is  the  rated  (theoretical)  volume  for  the  combustion  cham¬ 
ber; 

2)  for  an  elliptical  combustion  chamber  (see  Pig.  7.7b) 

dro»^0.ed„  (7.9) 

where  dj^  is  the  maximum  diameter  of  the  combustion  chamber,  deter¬ 
mined  according  to  the  following  formula 


'Ig.  7.7.  For  the  determination  of  the  head  diameter 
n  combustion  chambers  of  various  shapes. 


3)  for  cylindrical  and  conically  converging  combustion  cham^ 
bers  (see  Pig.  7.7c,  d,  and  e) 

(7.10) 

where  is  the  diameter  of  the  cylindrical  portion  of  the  combus¬ 
tion  chamber,  determined  according  to  the  following  formula 


here.  P,  =  0  /Q«  Is  the  area  of  the  cross  section  of  the  combustion 
onager,  in  is  the  now  rate  Ton  the  combustion  cbam- 

ber,  in  (kg/sec )/cm2;  Og  is  the  rate  of  fuel  flow  into  the  chamber, 
in  kg/sec;  P  and  are  the  absolute  and  specific  chamber  thrust,  in 
kg  thrust/(kg  fuel/sec). 
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The  formula  for  the  determination  of  dj^  of  an  elliptical 
combustion  chamber  is  obtained  in  the  following  manner. 

The  volume  of  an  ellipsoid  of  revolution  (spheroid)  is  ex¬ 
pressed  by  the  equation 


V„=V.-Uabc^±„ab>* 


(7.11) 


0 


where  a  is  the  semimajor  axis;  b  is  the  semiminor  axis  of  the  ellip¬ 
soid  of  revolution,  and  the  axis  c  =  b. 

On  the  basis  of  statistical  data,  for  elliptical  combustion 
chambers  it  may  be  assumed  that  b  «=  (3A)a>  l.e.. 


whence 


a=0,75vn^.  (7.12) 

Then  the  sought-after  formula  for  the  determination  of  the 
diameter  of  tb^e  elliptical  combustion  chamber  will  take  the  following 
form: 

• _ 

rf.=2ft-1.5a  =  1.125VV,.  (7.13) 

Since  the  ratio  between  the  combustion-chamber  area  flow 
rate  and  the  pressure  Pj^  in  the  chamber  is  almost  constant,  the 
dleuneter  dj^  is  inversely  proportional  to  the  square  root  of  Pj^, 
l.e.,  dj^  •  1/ 

The  following  dependence  exists  between  the  diameter  of  the 
combustion  chamber  and  the  critical  nozzle  section  of  contemporary 
engines : 

a)  in  cylindrical  combustion  chambers  for  nitric-acid  engines 

d.ar(2.0-H3,0)d^ 

eji  “  ^el  “  ^ellipsoid  “  ^ellipsoid’ ^ 
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b)  In  spherical  combustion  chambers  for  alcohol- oxygen  en- 


d,^(2,3-*-2,5)d^. 

The  recalculation  of  the  volume  of  a  sphere  into  the  volume 
of  a  pearshaped  combustion  chamber  and  the  determination,  approxi¬ 
mately,  of  the  length  of  the  chamber  can  be  accon^llshed  in  the 
following  manner: 

1)  a  circumference  of  dj^  In  diameter  Is  drawn  to  some  scale 
(Pig.  7.8); 

2)  the  height  h  *  (0.1-0.2)dj^  Is  plotted,  to  the  same  scale, 

on' the  vertical  diameter  and  a  chord  —  line  2-2,  parallel  to  1-1  — 
Is  drawn,  and  the  diameter  atomization  head  of  the  cham¬ 

ber  is  plotted  on  this  line. 

3)  this  same  outline  (circumference)  Is  used  to  determine 
the  height  h^  of  tl^e  spherical  segment  intersected  by  line  2-2; 


Fig.  7.8.  For  the  determlna-  Fig.  7.9.  For  the  determina¬ 
tion  of  the  length  of  a  spherl-  tlon  of  the  length  of  an  elllp- 

cal  combustion  chamber.  tlcal  combustion  chamber. 


4)  the  height  hg  *  0.1  d^^j.  tent-shaped  combustion 


chamber  Is  plotted,  to  the  same  scale,  up  along  line  2-2,  and  the 
head  is  dravm  with  a  radius  r  *  dj^; 

5)  the  diameter  dj^  of  the  critical  nozzle  section  is  plotted, 
to  the  same  scale,  on  the  arbitrary  horizontal  line  3-3  drawn  be¬ 
neath  the  circumference,  with  visual  preservation  of  a  cert in  pro¬ 
portion  between  the  basic  geometric  chamber  dimensions  (diameter 

and  length); 

6)  from  the  points  along  3-3  tangential  lines  A  and  B  are 
drawn  to  the  circumference  having  a  diameter  of  dj^  and  using  the 
drawing  made  to  the  adopted  scale,  we  determine  the  upper  diameter 
dj^  (along  line  4-4)  of  the  truncated  cone,  and  we  can  also  deter¬ 
mine  the  height  h^  of  the  truncated  spherical  segment; 

7)  the  diameter  of  the  truncated  cone  is  determined  In 
the  same  cross  section  In  which  the  combustion  chamber  terminates, 
and  determination  is  also  made  of  the  area  of  this  truncated  cone 
(P  =  3Piq.  (line  5-51); 

8)  the  height  of  the  truncated  cone  entering  the  volume  of 
the  combustion  chamber  Is  calculated: 


where  P  Is  the  taper  angle  for  the  cone  of  the  converging  part  of 
the  nozzle; 

9)  finally,  we  find  the  sought  length  of  the  coinbustlon 

chamber: 

— (A,  T  llj)  +  + 

In  this  approximate  calculation  of  the  length  of  the  com¬ 
bustion  chamber,  we  did  not  take  Into  consideration  the  volume  of 

the  prechambers  In  the  atomization  system  adopted  for  the  fuel  coro- 
*ltg  =  tan) 
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ponents;  In  precise  calculations,  this  volume  must  be  taken  Into  con¬ 
sideration. 

After  this  calculation,  we  must  undertake  the  problem  of 
designing  the  shape  of  the  combustion  chamber  and  nozzle,  deviating 
as  necessary  from  th'*  cited  preliminary  theoretical  diagram  for  the 
shape  of  the  engine  combustion  chamber. 

The  calculated  volume  of  the  ellipsoid  of  revolution  can  be 
distributed  Into  the  desired  shape  of  the  combustion  chamber  and  the 
length  of  the  cheunber  can  be  determined  approximately,  in  the  follow¬ 
ing  Manner: 

1)  the  ellipsoid  of  revolution  (Pig.  7*9)  is  drawn  to  some 
scale,  using  the  earlier  calculated  values  of  d^^  and  a  (here  a  is 
the  semlmajor  axis  of  the  ellipsoid) ; 

2)  the  diameter  of  the  atomization  head  of  the  combus¬ 

tion  chamber  Is  plotted,  to  the  same  scale,  on  the  drawing  of  the 
ellipsoid  and  the  height  h^^  of  the  segment  Ir.tersected  by  line  1-1 
Is  determined; 

3)  determination  Is  made  of  d^  which,  to  the  same  scale.  Is 
plotted  beneath  the  drawing  of  the  ellipsoid  of  revolution,  visually 
preserving  a  certain  proportion  between  the  basic  geoaetrlc  param¬ 
eters  of  the  chamber; 

4)  tangential  lines  A  and  B  are  drawn  to  the  ellipsoid  of 
revolution  and  the  height  hg  of  the  segment  cut  away  from  the  ellip¬ 
soid  by  line  2-2  Is  determined  from  the  drawing; 

3)  similar  to  the  manner  In  which  this  was  done  for  the 
spherical  chaniber,  the  diameter  of  the  converging  nozzle  section 
Is  determined  for  an  area  of  P  »  3Pjjp;  In  addition,  the  correspond¬ 
ing  volumes  are  determined,  as  well  as  the  length  of  the  coinbustlon 
chamber. 
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The  lengths  of  cylindrical  combustion  chambers  and  converging 
shapes  are  determined  in  similar  fashion. 

The  length  of  the  cylindrical  portion  of  the  combustion 
chamber  must  be  such  that,  for  the  most  part,  the  fuel- combustion 
processes  can  terminate  within  the  chamber. 

In  combustion  chambers  of  engines  developing  great  thrust, 
the  converging  peipt  of  the  nozzle  has  substantial  dimensions.  There¬ 
fore,  the  stay  time  for  the  gases  in  this  subcrltlcal  nozzle  sec¬ 
tion  is  high,  and  this  must  be  taken  into  consideration  in  precise 
calculations  of  engine- chamber  length. 

If  we  know  the  volume  Vj^.  of  the  combustion  chamber,  the  dia¬ 
meter  dj^  of  the  chamber,  the  diameter  dj^  of  the  critical  section 
of  the  nozzle,  and  if  the  profile  of  the  converging  part  of  the 
chamber  (the  nozzle)  has  been  constructed,  then  the  length  of  the 
cylindrical  portion  of  the  combustion  chamber  may  be  calculated  with 
sufficient  accuracy  according  to  the  difference  in  volumes  (see 
Example  2) : 

(7.14) 

where  is  the  volume  of  the  converging  part  of  the  combustion 

chamber,  determined  according  to  the  geometric  characteristics 
(see  Section  3i  Chapter  7). 

It  has  not  yet  been  established  that  the  length  of  the 
cylindrical  cross  section  of  the  combustion  chamber  is  a  function 
of  Pj^.  However,  it  may  be  assumed  that  with  an  Increase  in  p^,  the 
optimum  length  of  this  part  of  the  chamber  must  diminish  as  a  re¬ 
sult  of  the  intensification  of  the  processes  in  the  chamber  and  be¬ 
cause  of  the  requirement  for  an  Increase  in  dynamic  engine- operation 
stability. 

The  length  of  the  cylindrical  section  of  the  combustion 
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chamber  In  certain  contemporary  engines  ranges  from  »  (l.0-2)dj^.* 

In  engines  with  thrusts  in  excess  of  10  to  15  tons  and  with 
increased  gas  pressure  in  the  combustion  chamber,  the  length  of  the 
cylindrical  portion  of  the  chamber  may  be  smaller  than  the  chamber 
diameter. 

The  structural  dimensions  of  the  combustion  chamber  (regard¬ 
less  of  shape)  are  established  in  the  planning  stage  and  during  the 
strength- calculation  process.  The  theoretical  values  of  the  basic 
geometric  combustion- chamber  dimensions  may  be  rounded  off,  since 
a  slight  variation  has  almost  no  effect  on  the  operating  character¬ 
istics  of  the  engine. 

In  selecting  the  diameter  of  the  cylindrical  portion  of  the 
engine  combustion  chamber,  it  is  Important  to  bear  in  mind  that: 

1)  with  an  excessively  large  dj^,  it  is  structurally  conven¬ 
ient  to  position  standard- capacity  fuel  spray  nozzles  on  the  chamber 
head;  however,  in  this  case,  the  contact  between  the  atomized  com¬ 
ponents  deteriorates  and,  therefore,  given  the  theoretical  combus¬ 
tion-chamber  volume,  the  coRQ3letehess  of  fuel  combustion  declines; 

2)  an  excessive  Increase  in  d^^  because  of  a  reduction  Ih 

l^s  result  in  the  Inqpairment  of  the  processes  of  heating,  vapori¬ 
zation,  and  combustion  for  the  fuel  components; 

3)  with  an  excessively  small  dj^,  it  is  structurally  diffi¬ 
cult  to  position  standard- capacity  fuel  spray  nozzles  on  the  head. 

In  addition,  with  little  space  (pitch)  between  the  nozzles,  the 
supply  of  heat  (for  heating  and  vaporizing  the  fuel  components  by 

a  backflow  of  gases)  is  Inqpaired,  and  this  reduces  the  conqpleteness 
of  coinbustlon  for  the  given  combustion- chamber  volume  and  may  lead 
to  xmstable  engine  operation; 

^ts  *  ^tsllindrlcheskiy  “  ^cylindrical ‘ ^ 
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4)  reducing  the  required  number  of  standard-capacity  spray 
nozzles  to  a  lesser  number,  but  of  greater  capacity,  la  inexpedient, 
since  in  this  case  the  dimensions  of  the  atomized  fuel-component 
drops  increase,  and  the  completeness  of  combustion  is  ln5)alred; 

5)  an  Increase  in  the  output  of  the  fuel  spray  nozzles  and 
an  excessive  Increase  in  the  length  of  the  cylindrical  portion  of 
the  combustion  chamber  through  a  reduction  of  chamber  diameter  may 
result  in  unstable  engine  operation  (pressure  fluctuations  within 
the  combustion  chamber) . 

The  side  liner  surfaces  of  combustion  chambers  of  various 
geometric  shapes  are  determined  by  the  corresponding  formulas  cited 
in  mathematics  handbooks. 

The  basic  geometric  characteristics  of  an  engine- chamber 
nozzle  include: 

1)  areas  and  diameters  for  the  critical  and  outlet  sections 
of  the  nozzle,  which  are  determined  from  the  data  produced  in  a 
thermal  engine  calculation; 

2)  the  length  and  side  surface  of  the  outlet  section  of  the 
nozzle,  which  are  determined  as  functions  of  nozzle  profile  and  di¬ 
mension,  £md 

3)  flare  angles  of  the  inlet  and  outlet  sections  of  the 
nozzle,  whose  values  are  selected  from  statistical  data. 

Since  the  outflow  of  gases  from  the  engine- chamber  nozzle 
is  close  to  equilibrium  and  since  in  this  process  gasdynamlc  factors 
play  a  major  role,  ZhRD  nozzles  may  be  modeled,  l.e.,  the  results 
obtained  in  investigations  with  small- dimension  nozzles  may  be 
applied  to  nozzles  used  in  engines  developing  great  thrust. 

Example  3.  Determine  the  diameter  of  the  critical  and  outlet 
section  of  the  nozzle  in  8ui  engine  chamber,  developing  a  nominal 


-  427  - 


thrust  of  P  =  2125  kg,  at  Pj^  =  22  abs  atm,  =  1  abs  atm,  and 
n  =  li2. 


Solution. 

1.  The  area  of  the  critical  nozzle  section  is  determined  from 
the  general  thrust  formula,  l.e., 
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2.  The  area  of  the  outlet  section  of  the  nozzle  (see  Sec¬ 


tion  16) 
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3.  The  characteristic  diameters  of  the  nozzles  will  be,  re¬ 
spectively;  dj^  =  9.29  cm  =  92.9  mm,  and  d^  *  I8.3  cm  -  I83  mm. 

SECTION  8.  SELECTION  OP  SHAPE  AND  ANGLE  FOR  ENGINE- CHAMBER  NOZZLE 
The  shape  and  flare  angles  of  the  nozzle  Inlet  and  outlet 
sections  In  a  ZhRD  chamber  has  a  substantial  effect  on  the  process 
of  gas  expansion  emd  dispersion  In  the  nozzles.  Therefore,  In  chamber 
designs,  the  optimum  angles  must  be  selected.  The  better  the  design, 
construction,  and  production  of  the  nozzle,  the  lower  the  gas-energy 
losses  In  the  nozzle  and  the  greater  the  effective  exhaust  velocity 
and  specific  thrust  of  the  engine. 
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Fig.  7«10.  Conical  and  shaped  chaihber  nozzles.  1)  Shaped 
nozzle  with  expanded  flare  angles;  2)  conventional  conic 
nozzle;  3)  shaped  nozzle  with  a  flare  angle  of  a  conic 
nozzle. 

Contemporary  engines  have  conic  nozzles  and  nozzles  that  are 
shaped  along  their  length  (Fig.  7«10). 

The  nozzles  on  some  existing  chambers  have  an  over-all  flare 
angle  of  60  to  90°  for  the  inlet  section,  and  an  angle  of  20  to  40° 
for  the  outlet  section.  Such  nozzles  are  less  efficient  than 
nozzles  that  are  shaped  along  their  length. 

Nozzles  of  various  shapes  and  flare  angles  have  not  yet  been 
adequately  studied  for  the  various  operating-regime  ranges  of  exist¬ 
ing  ZhRD,  and  this  leads  to  some  difficulty  In  nozzle  design. 

With  the  mass  production  of  welded- construction  cham¬ 

bers,  where  nozzles  blanks  are  stcuiqped  from  sheet  metal,  expenditures 
on  fabricating  shaped  nozzles  will  be  approximately  the  same  as  for 
a  conic  nozzle. 

In  planning  nozzles,  it  Is  Important  to  make  every  possible 
effort  to  satisfy  the  following  basic  requirements  as  fully  as  possi¬ 
ble: 

1)  the  gas-energy  losses  In  the  nozzle  should  be  as  email  as 
possible,  and  their  total  value  Is  generally  taken  Into  consideration 
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through  the  magnitude  of  the  coefficient  ^„*.for  the  completeness  of 

s 

exhaust  velocity; 

2)  the  surface  of  the  nozzle  liner,  for  the  given  dimensions 
of  the  critical  and  outlet  sections,  must  be  optimum  both  in  terms 
of  efficient  nozzle  operation  as  well  as  in  terms  of  cooling  condi¬ 
tions,  specific  weight,  and  other  indicators; 

3)  nozzle  design  and  production  technology  must  be  kept  as 
single  as  possible. 

These  requirements  imposardupon  the  design  of  a  nozzle  are 
mutually  exclusive,  since  the  complete  satisfaction  of  any  one  of 
them  will  result  in  the  impairment  of  the  remaining  nozzle  properties. 
Therefore,  in  designing  a  nozzle,  some  compromise  solution  must  be 
arrived  at,  this  decision  to  be  based  on  the  designation  of  the 
engine . 

The  following  gas- energy  losses,  reducing  specific  engine 
thrust,  occur  in  the  nozzle  of  an  engine  chamber: 

1.  Losses  due  to  the  friction  of  the  gases  against  the  sur¬ 
face  of  the  nozzle  liner.  These  losses  are  reduced  if  the  inner  sur¬ 
face  of  the  nozzle  is  made  smooth  and  if  the  outlet  section  has  a 
large  flare  angle;  the  magnitude  of  these  losses,  however,  cannot  be 
reduced  to  zero.  The  greater  the  nozzle  length,  the  greater  the  losses 
due  to  friction.  The  magnitude  of  the  energy  losses  due  to  friction 
are  taken  into  consideration  through  the  factor  V^j,*** 

The  forces  of  friction  in  the  conibustion  chamber  are  negli¬ 
gibly  small  because  of  the  low  gas  stream  velocities. 

2.  Losses  due  to  the  nonparallellsm  of  the  exhaust  gases 
from  the  nozzle,  relative  to  the  nozzle  axis.  The  radial  shifting  of 

*  ^skorost'  “  ^velocity* ^ 

**^^Tp  *  ^tr  “  ^trenlye  *  ^friction* ^ 
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the  gases  in  the  nozzle  cone  reduce  the  momentum  of  the  gases  In  the 
axial  direction  and,  consequently,  lower  the  specific  thrust  of  the 
engine.  This  loss  can  be  made  to  var-’sh  if  we  select  a  nozzle  profile 
in  which  the  velocities  of  the  gases  in  the  stream  at  the  nozzle  out¬ 
let  are  parallel  to  the  axis  of  the  engine.  However,  nozzles  of  such 
a  shape  are  long,  and  this  results  in  losses  due  to  the  friction  of 
the  gases  against  the  surface  of  the  liner,  and  serves  to  Increase 
the  weight  and  the  dimensions  of  the  nozzle  (see  Pig.  7.9).  It  is  for 
this  reason  that  it  is  not  advantageous  to  provide  for  a  completely 
parallel  flow  of  gases  from  the  nozzle.  In,  practice,  the  over-all 
flare  angle  for  a  shaped  nozzle,  at  the  outlet,  is  set  at  from  10 
to  16°. 


The  magnitude  of  the  gas-energy  losses  resulting  from  radial 
gas  dispersion  within  the  nozzle  (the  nonparallelism  of  the  flow  at 
the  nozzle  outlet)  are  taken  into  consideration  by  the  coefficient 


outlet  losses] 


These  losses  result  from  flow  discontinuity  and 


compression  waves  in  the  supersonic  region  of  the  nozzle. 


With  excessive  curvature  for  the  critical  section  of  the 


nozzle,  the  peripheral  streams  may  detatch  from  the  nozzle  surface 
because  of  the  inertial  forces  which  arise  with  the  transition  through 
the  critical  section.  These  discontinuities  disrupt  the  smooth  out¬ 
flow  as  the  speed  of  sound  is  exceeded,  and  lead  to  the  formation 
of  vortices  and  compression  waves.  In  addition,  compression  waves 
may  form  in  the  supersonic  section  of  the  nozzle  at  the  points  at 
which  the  nozzle  profile  is  curved  excessively.  These  losses  can 
be  diminished  if  all  of  the  nozzle  sections  can  be  given  correspond- 
-  ^ras  “  ^rasseivanlye  “  ^dispersion* ^ 
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Ingly  smooth  outlines. 

A  series  of  experiments  established  that  In  designing  the 
critical  section  of  the  nozzle  for  a  radius  equal  to  the  diameter  of 
this  section,  the  outlet  losses  prove  to  be  insignificant. 

The  magnitude  of  losses  due  to  an  Imperfect  nozzle  profile 
are  taken  into  consideration  with  the  coefficient  These 

losses  may  also  occur  with  a  normal  flare  angle  for  the  outlet  sec¬ 
tion  of  the  nozzle.  If  the  engine  operates  with  regimes  of  excessive 
overe^qpanslon  of  the  gases  In  the  nozzle  because  of  a  reduction  In 
the  rate  of  fuel  flow  Into  the  combustion  chamber. 

4.  Losses  resulting  from  partial  nonequilibrium  of  exhaust 
gases .  These  losses  are  functions  of  the  nature  of  the  products  of 
fuel  combustion,  their  pressure,  and  the  length  of  the  engine  nozzle; 
with  a  nozzle  length  of  the  order  of  0.1  meters,  these  losses  do  not 
exceed  1  to  2%,  With  longer  nozzles,  these  losses,  for  all  Intents  and 
purposes,  are  close  to  zero,  since  In  this  case  the  stay  time  for 

the  gases  In  the  nozzle  Increases  and,  therefore,  the  relaxation  and 
recombination  processes  for  the  gas  molecules  In  the  nozzle  fiu*e  more 
complete.  In  calculating  the  exhaust  process,  we  generally  take  Into 
consideration  the  losses  resulting  from  nonequlllbrlum  of  the  ex¬ 
haust  gases  In  the  nozzle  with  the  mean  polytropic  exponent. 

5.  Losses  attributable  to  the  transfer  of  heat  from  the  gases 
to  the  surrounding  medium.  These  losses  can  be  reduced  If  the  nozzle 
exhibits  a  smaller  liner  surface,  and  this  can  be  achieved  by  In¬ 
creasing  the  flare  angle  of  the  outlet  section.  The  magnitude  of  the 
losses  to  the  surrounding  medium  In  a  cooled  engine  are  negligibly 
small  (they  do  not  exceed  0.2-0.3$(). 


*l^npo$  *  ^prof  "  ^  prof 11 '  “  ^profile ' ^ 
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The  above- enumerated  gas-energy  losses  In  the  chamber  nozzle 
tend  to  reduce  specific  engine  thrust  by  1  to  55^  of  Its  theoretical 
value,  calculated  for  gas  outflow  from  the  nozzle  without  losses. 

The  basic  gas- energy  losses  In  an  engine  nozzle  are  taken 
Into  consideration  with  the  coefficient  of  complete  exhaust  velocity: 

Engines  have  (p„  *  0.95-0.99. 

s 

The  actual  gas  exhaust  velocity  from  the  engine  nozzle  may 
be  determined  according  to  the  following  formula: 

®V ^  Vs ec ,  * 

where  w  ^  Is  the  velocity  of  the  gas  stream  In  the  outlet  section 
of  the  nozzle,  calculated  without  consideration  of  radial  gas  dis¬ 
persion,  according  to  the  conventional  formula  for  Isentroplc  ex¬ 
pansion. 

The  coefficient  <Pg  for  existing  ZhRD  may  be  determined  ex¬ 
perimentally,  and  for  an  engine  being  designed  the  magnitude  of  this 
coefficient  should  be  estimated.  In  approximate  terms,  on  the  basis 
of  statistical  data. 

The  calculation  of  the  gas  stream- energy  losses  due  to  gas 
nonparallelism  at  the  nozzle  outlet  may  be  taken  Into  consideration, 
approximately,  with  the  dispersion  coefficient  9___  (Table  7.3). 

Z*ct8 

TABLE  7.3. 

Values  of  Coefficient  as  Functions  of  Over- All 


Flare  Angle  for  Nozzle  Outlet 
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Here,  the  mean  axial  gas- outflow  velocity  from  the  nozzle 
can  be  expressed  by  the  following  formula; 

where  ?p.e*‘/»^l+OM j  here  Is  the  over-all  flare  angle  of  the 
outlet  section  of  the  nozzle. 

Conic  nozzles  are  used  In  engine  chambers  developing  low  and 
medium  thrust,  where  gas- stream  energy  losses  resulting  from  radial 
dlsperflon  may  be  neglected.  The  advantage  of  conic  nozzles  are 
their  relative  simplicity  of  design  and  manufacture. 

For  the  conic  nozzles  In  Zh^  chambers  being  designed,  we 
can  presume  the  following  flare  angles:  a)  for  the  Inlet  section, 
p  =  60-90°;  b)  for  the  outlet  section,  a  »  25-30°. 

For  the  radius  of  profile  curvatvu?e  at  the  critical  nozzle 
section  we  may  assume 

Where  dj^  Is  the  diameter  of  the  critical  section  of  the  nozzle. 

With  such  flare  angles,  the  nozzle  has  conq;>aratlvely  limited 
lengths  and  small  weight,  and  there  Is  no  substantial  reduction  In 
specific  engine  thrust  relative  to  the  of  a  perfectly  coaxial 
flow. 

Optimum  flare  angles  for  the  Inlet  and  outlet  sections  of 
the  nozzle,  for  a  given  engine- chamber  operating  regime,  can  be  es¬ 
tablished  experimentally. 

Experiments  show  that  the  flare  angle  and  the  shape  of  the 
Inlet  section  of  the  nozzle  have  little  effect  on  the  magnitude  of 
specific  engine  thrust  and  have  practically  no  effect  on  the  nature 
of  the  gas  stream  In  the  area  beyond  the  critical  section  of  the 
nozzle. 

The  shape  of  the  Inlet  nozzle  section,  as  well  as  the  angle 
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of  the  inlet  nozzle  section,  detemilne  the  fields  of  velocity  and 
pressure  In  the  gas  streams  for  the  subcritlcal  section  of  the  nozzle. 
As  a  result  of  the  constxn^ctlon  of  the  channel,  the  gas  pressures 
are  greater  at  the  surface  of  the  nozzle  than  close  to  the  nozzle 
axis  because  of  centrifugal  forces;  In  the  critical  section,  the 
opposite  Is  true.  The  greater  the  convergence  angle  for  the  Inlet 
nozzle, section,  the  greater  the  gas  pressure  at  the  nozzle  surface, 
and  the  greater  the  energy  losses  due  to  friction.  Pronounced  changes 
In  the  contour  of  this  section  of  the  nozzle  may  result  in  the  for- 

In  designing  engines,  we 
find  It  most  esqpedlent  to  prepare 
the  outline  of  the  Inlet  channel  of 
the  nozzle  with  smooth  conjugate 
curves  (with  circumferential  arcs), 
which  makes  It  possible  to  reduce 
the  length  of  this  nozzle  section, 
to  simplify  the  production  technology, 
and  to  reduce  weight.  In  this  case, 
the  radii  of  the  circumferential 
arcs  are  selected  from  the  stand¬ 
point  of  the  condition  for  conju¬ 
gate  arcs,  so  as  to  Impart  the 
smoothest  possible  outline  to  the 
nozzle. 

!nie  flare  cmgle  for  the  out¬ 
let  section  of  the  nozzle,  as  has  already  been  mentioned  above,  has 
a  substantial  effect  on  the  nature  of  the  cycle  within  the  nozzle 
*^^yii  “  ^sum  "  ^siaamamyy  “  ^total*^ 
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Fig.  7*11«  Approximate  depen^ 
dence  between  weight  0^  of 

conic  chamber  nozzle  develop¬ 
ing  a  given  thrust  and  the 
magnitude  of  gas- energy 
losses  within  the  chamber 
and  the  magnitude  of  the  over¬ 
all  flare  angle  ot.  1)  Point 
of  Initial  dependence  of 
nozzle  weight  of  the 

chamber  against  which  the 
comparison  Is  being  made. 
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and  on  the  magnitude  of  specific  thrust  developed  by  the  engine.  In 
selecting  this  angle  for  the  engine  being  designed,  it  is  important 
to  have  the  following  in  mind.* 

1.  The  greater  the  flow  angle  of  the  outlet  section  of  the 
nozzle  the  shorter  and  lighter  the  nozzle,  all  other  conditions  being 
equal,  and  the  smaller  the  cooling  surface,  and  the  smaller  the  trans¬ 
fer  of  heat  to  this  surface  from  the  gases  (it  is  easier  to  cool  the 
nozzle  with  the  given  quantity  of  fluid) ,  and  the  fluid- pres sure 
losses  in  the  cooling  duct  will  also  be  smaller,  as  will  the  energy 
losses  attributable  to  the  friction  of  the  gases  against  the  nozzle 
surface.  Howe/er,  in  this  case,  the  diameters  of  the  nozzle-outlet 
section  may  prove  to  be  excessively  large  relative  to  the  midsection 
of  the  missile,  the  nonequilibrium  conditions  for  the  exhaust  gases 
will  be  greater,  and  the  gas  stream- energy  losses  will  increase  sub¬ 
stantially  as  a  result  of  radial  dispersion. 

2.  With  an  excessively  large  nozzle  flare  argle,  gas  streanv- 
energy  losses  are  possible  as  a  result  of  the  gas  stream  becoming 
detached  from'  the  nozzle  surface,  and  because  of  the  appearance  of 
vortices,  turbulence,  and  compression  waves. 

3.  As  the  flare  angle  is  decreased,  the  nozzle  becomes  longer, 
and  the  outflow  of  the  gases  is  in  a  state  of  greater  equilibrium; 
the  energy  of  the  gases  is  diminished  as  a  result  of  their  radial 
dispersion  at  the  nozzle  outlet.  However,  in  this  case,  the  nozzle- 
liner  surface  increases,  and  this  makes  cooling  more  difficult;  in 
addition,  gas-energy  losses  Increase  due  to  the  friction  of  the  gas 
against  the  surface,  and  moreover,  the  weight  of  the  nozzle  also  in¬ 
creases  . 

The  above- enumerated  factors  which  determine  the  optimum 
Sat ton.  Raketnyye  Dvigatell.  IL,  1950. 
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values  for  the  flare  angle  of  the  diverging  part  of  the  nozzle,  are 
mutually  contradictory  and  can,  in  each  specific  case,  be  calculated 
precisely  only  through  e^qjerlmentatlon. 

Figure  7.11  shows  the  change  ln.\weight  (for  a  nozzle  of  a 
chauriber  developing  a  given  magnitude  of  thrust)  and  gas- energy  losses 
within  the  nozzle  as  functions  of  the  flare  angle  of  the  diverging 
part  of  the  nozzle. 

The  curves  on  this  figure  indicate  that  in  terms  of  gas- 
energy  losses  in  a  conic  nozzle,  the  optimum  flare  angle  must  be 
approximately  20®.  However,  in  order  to  reduce  nozzle  weight,  the 
angle  may  be  assumed  to  be  30®  in  the  design  stage.  This  assumption 
is  valid,  since  a  deterioration  in  engine  efficiency  (specific  thrust) 
is  permissible  by  almost  as  many  percentage  points  as  there  is  for 
the  reduction  in  engine  weight. 

The  optimum  relationship  between  efficient  nozzle  operation 
and  nozzle  weight  depends  both  on  the  flare  angle  and  the  pressure 
within  the  combustion  chamber  and  the  outlet  section  of  the  nozzle, 
as  well  as  on  the  optimum  altitude  characteristics  of  the  nozzle  and 
the  operating  time  of  the  engine.  This  must  necessarily  be  taken 
into  consideration  in  each  specific  case  in  the  planning  emd  design 
of  an  engine  chamber. 

The  nozzle  outlet  should  not  be  made  to  have  a  sharp  edge, 
since  gas  overexpansion  and  Increased  energy  losses  because  of  dis¬ 
persion  may  occur  as  the  edge  is  rounded  off. 

SECTION  9.  GRAPHICAL  METHODS  TO  SHAPE  THE  NOZZLE  OF  AN  ENGINE  CHAMBER 

The  nozzle  of  a  chamber  is  usually  shaped  in  engines  of 
medium  and  great  thrust,  as  well  as  for  engines  operating  with  a 
high  degree  of  gas  esqpanslon,  since  the  utilization  of  a  conic  nozzle 
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results  in  considerable  gas-energy  losses  which  may  be  attributed  to 
radial  dispersion. 

The  shaping  of  the  nozzle  makes  it  possible  to  raise  specific 
engine  thrust  by  2  to  35^  relative  to  the  thrust  values  for  the  same 
chamber,  but  with  a  conic  nozzle. 

To  reduce  nozzle  length  and  weight  and  the  gas- energy  losses 
in  the  shaped  nozzle  it  is  recommended  that  the  initial  flare  angle 
of  the  nozzle  be  raised  to  40  to  50°.*  Such  an  Increase  in  the  angle 
proves  to  be  valid  since  the  processes  Involved  in  completing  fuel 
combustion  take  place  within  the  nozzle,  as  do  the  recombination  and 
relaxation  processes  for  the  gas  molecules,  said  processes  enhancing 
the  radial  eiqpanalon  of  the  gases  in  their  movement  through  the 
nozzle. 


Pig.  7.12.  Graphic  plotting  of  nozzle  profile  for 
engine  chamber. 

At  fy  =  ^v^^kr  “  ^k/^v  “  20-60  abs  atm,  it  is  recom¬ 

mended  to  assume  =  12-16°  for  the  gas-nonparallelisra  angle  at  the 
nozzle  outlet.  In  this  case,  the  nozzle  turns  out  to  be  shorter  and 
lighter,  and  the  velocity  coefficient  »  0.98-0.99. 

O 

Slnyarev  and  M.V.  Dobrovol 'skly.  Zhidkostnyye  raketnyye  dvi- 
gateli.  Oboronglz  (Liquid  Rocket  Engines.  State  Defense  Press), 
1953. 
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An  Increase  In  specific  engine  thrust  of  2  to  through  the 
structural  parameters  of  tl:ie  nozzle  alone  indicates  the  feasibility 
of  shaping  the  nozzles  used  in  ZhRD  chambers  developing  medium  and 
great  thrust.  The  savings  in  fuel  consumption  achieved  in  this  case 
are  more  than  enough  to  offset  the  expenditures  Involved  in  shaping 
the  nozzle. 

There  are  several  different  graphical  methods  of  shaping  a 
nozzle  for  a  chamber  in  an  engine.  A  strict  gasdynamic  shaping  of  a 
nozzle,  in  which  the  generatrix  of  the  supersonic  portion  coincides 
with  the  gas  stream  line  is  complicated  and  difficult.  Moreover,  the 
length  and  weight  of  such  a  nozzle  is  con?)aratively  great,  and  the 
production  techniques  are  extremely  complex.  Therefore,  for  purposes 
of  shaping  the  nozzle  of  an  engine  chamber,  it  is  expedient  to  use 
the  simplified  graphic  method. 

The  initial  data  for  the  shaping  of  the  diverging  section  of 
a  chamber  nozzle  in  an  engine  are  the  following; 

1)  the  dimensionless  nozzle  area  f^  =  ^v^^kr* 

2)  the  radii  r.  of  the  critical  and  r„  of  the  outlet  section 
of  the  nozzle; 

3)  an  angle  a^2  for  the  nozzle  outlet. 

Oraphlcally,  it  is  simplest  to  plot  a  chamber> nozzle  profile 
along  a  parabola.  In  this  case,  the  inlet  section  of  the  nozzle,  in 
the  area  of  the  critical  section,  is  formed  by  an  arc  whose  radius 
is  (Pig.  7.12),  and  this  part  of  the  nozzle  is  arbitrarily  made 

to  meet  with  the  generatrix  of  the  combustion  chamber. 

The  angle  a/2  (6-8®)  is  selected  on  the  basis  of  the  value 
of  f^  and  the  tangent  AB  is  drawn  to  the  above-mentioned  circum¬ 
ference  at  this  angle.  After  this,  the  lengths  of  the  sections  AC 
and  AD  are  determined  according  to  the  following  formulas: 
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For  various  values  of  and  a/2,  coefficients  a  and  b  have 
the  following  values: 

/»  '4  6  8  ■ 

•/2  15»  17»  •  19'> 

a  5.15  4,82  4,62 

5  8,4  9.6  11,2 

Then  we  draw  the  line  DE  for  the  nozzle  outlet  and  line  EG 
which  is  tangent  to  the  generatrix  of  the  nozzle  at  the  outlet  (at 
angle  a^2) ,  and  points  E  and  C  are  connected  with  a  parabola  that 
is  plotted  as  shown  in  Fig.  7.12.  A  table  of  coordinates  is  prepared 
for  the  working  drawing  of  the  nozzle  and  the  nozzle  profile  is 
drawn.  It  is  considerably  simpler  to  produce  a  nozzle  of  this  type 
since  the  profile  is  formed  with  straight  lines  and  arcs.  Figure  7.13 
shows  the  schematic  diagram  for  such  a  nozzle. 

The  conic  sectloh  1-2  of 
this  nozzle  is  formed  by  straight 
lines,  and  the  section  2-3  by  a 
spherical  surface  of  radius  r^  which 
may  terminate  in  a  conic  surface. 

It  should  be  borne  In  mind 
that  for  engines  that  develop  thrust 
which  can  be  regulated  by  controlling 
the  rate  of  fuel  flow  into  the  chamber,  a  shaped  nozzle  may  prove  to 
be  inexpedient.  ZhRD  combustion  chambers  and  nozzles  may  be  modeled, 
but  in  designing  new  engines  this  method  cannot  yet  be  applied  since 
the  development  of  scientific  modeling  (similarity)  methods  for  2)3Q£ 
are  still  in  the  initial  stage. 

SECTION  10.  ENGINE- CHAMBER  LINER  LOADS 

In  calculating  a  im  for  strength,  the  design  of  the  liners 


1  KOHtneeKue  i/<tac/nmi 


Fig.  7.13.  Schematic  diagram 
of  nozzle  shaped  by  a  slnqpll- 
fled  graphic  method.  1)  Conic 
sections. 
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and  the  chamber  head  proves  to  be  most  difficult  and  little  developed 
because  of  the  difficulties  that  arise  in  calculating  the  stresses 
which  are  present  when  these  elements  are  in  operation  at  high  tem¬ 
peratures  and  being  acted  upon  by  other  factors. 

In  operation,  individual  engine- chamber  elements  are  subjected 
to  various  loads.  The  inner  and  outer  chamber  liners  are  subjected  to 
particularly  diverse  load  characteristics.  These  liners  are  subject 
to  the  action: 

1)  of  radial  and  axial  hydrostatic-pressure  forces; 

2)  of  thermal  loads,  arising  as  a  result  of  the  heating  of 
the  inner  liner; 

3)  of  dynamic  and  vibration  loads  occurring  during  launching, 
normal  operations,  and  as  the  engine  is  stopped; 

4)  of  the  reaction  of  the  chamber  supports  which  are  fastened 
to  the  thrust  frame  of  the  engine  or  directly  to  the  weapon. 

The  magnitudes  of  each  of 
these  liner  loads  for  various  engine- 
chamber  designs  are  quite  varied, 
and  therefore  the  strength  calcula¬ 
tions  for  combustion- chamber  liners 
and  nozzles  must  be  carried  out  for 
each  specific  engine.  Since  a  precise 
calculation  of  the  loads  mentioned 
in  items  2  through  4  is  extremely 
difficult,  the  calculations  for  the  liners  are  generally  carried  out 
from  the  standpoint  of  general  concepts. 

Static  load  on  the  liner  is  created  by  the  pressure  of  the 
liquid  in  the  cooling  duct  of  the  chamber.  Under  the  pressure  of  this 
liquid,  the  outer  liner  (the  Jacket)  of  the  chamber  is  subject  to 


Fig.  7.14.  Change  in  the  pres¬ 
sure  of  the  liquid  in  the 
cooling  duct,  along  the  length 
of  the  engine  chamber.  1)  p, 
abs  atm;  2)  length  of  chamber. 
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stretching.  In  this  case,  the  inner  chamber  liner  is  compressed  under 
the  action  of  the  pressure  difference  ^Pojchi*  because  of  the 
pressure  Pg**  in  the  channel  of  the  chamber  (Pig.  7*1^). 

Since  the  pressure  of  the  cooling  liquid  in  the  duct,  moving 
from  the  nozzle  outlet  to  the  chamber  head,  diminishes  as  a  result  of 
hydraulic  resistance  within  the  duct,  and  since  the  gas  pressure  in 
the  channel  of  the  chamber,  to  the  contrary,  drops  from  the  head  of 
the  chamber  to  the  nozzle  outlet,  the  maximum  fluid-pressure  differ¬ 
ence  for  the  inner  liner  appears  at  the  outlet  section  of  the  nozzle 
(in  the  area  at  which  the  fluid  enters  the  cooling  duct). 

The  liner  in  an  uncooled  cheunber  is  subjected  to  radial  and 
axial  stretching  due  to  gas  pressure;  the  greatest  pressure  arises 
within  the  combustion  chamber,  and  the  least  pressure  is  encountered 
at  the  outlet  section  of  the  nozzle. 

The  operating  conditions  for  engine- chamber  liners  are  con¬ 
siderably  complicated  by  the  high  temperature  of  the  inner  liner. 

Since  the  strength  of  the  metal  depends  on  temperature,  which  in  the 
given  case  diminishes  along  the  length  of  the  liner  (from  the  head 
to  the  nozzle  outlet),  the  strength  of  the  inner  liner  varies  through¬ 
out  the  length  of  the  chamber,  as  well  as  at  various  periods  of 
engine  operation. 

It  is  possible  to  calculate,  with  sufficient  accuracy  for 
practical  purposes,  the  stresses  arising  within  individual  chamber 
elements,  said  stresses  arising  as  a  result  of  static  loads.  The 
stresses  which  arise  ;in  the  chamber  elements  as  a  result  of  nonuni¬ 
form  heating  during  operation  are  not  adequately  defined. 

.  The  inner  and  outer  chamber  liners  of  the  engine  exhibit 

*^^Pox;i  *  ^^okhl  “  ^^okhlazhdayushchly  “  ^^coollng*^ 

**[Pj,  -  Pg  -  Pgaz  “  Pgas*^ 
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particularly  nonuniform  heating  characteristics,  and  as  a  result  the 
inner  liner  (as  the  relatively  hotter)  tends  to  lengthen,  whereas 
the  outer  liner  which  Is  structurally  connected  to  the  Inner  liner 
at  Its  ends,  hinders  this  lengthening  process.  As  a  result  of  these 
phenomena,  the  Inner  chamber  liner  of  the  engine  is  subjected  to 
compression,  whereas  the  outer  liner  is  subjected  to  stretching. 

As  an  exan^le.  It  should  be  pointed  out  that  the  chamber  of 
the  A-4  engine^  characteristically  1790  mm  long  in  the  cold  state^  , 
extends  up  to  5  nmi  in  the  axial  direction  during  operation,  and  up 
to  4  mm  in  the  radial  direction  (with  respect  to  the  maximum  diameter 
of  the  combustion  chamber) . 

The  nonuniform  heating  of  the  thickness  of  the  inner  liner 
leads  to  the  bending  of  the  liner,  since  as  a  result  of  a  tempera¬ 
ture  difference,  the  hotter  liner  layers,  in  their  effort  to  expand, 
stretch  the  outer  layers,  and  the  latter,  resisting  this  stretching 
process,  compress  the  Inner  layers.  These  temperature  stresses  at¬ 
tain  their  maximum  values  at  the  gas  and  liquid  surfaces  of  the  liner, 
whereas  they  are  almost  equal  to  zero  In  the  center  of  the  liner. 

If  the  yield  point  is  exceeded  by  the  temperature  stresses 
arising  within  the  metal  of  the  inner  lining  as  a  result  of  the 
liner's  relative  elongation  and  bending,  these  stresses  may  produce 
plastic  deformation  within  the  metal,  and  this,  under  certain  con¬ 
ditions,  will  result  In  premature  deformation  or  even  destruction  of 
the  liner  under  the  action  of  other  loads. 

If  there  were  no  temperature  stresses  within  the  liner,  the 
permissible  stresses  resulting  only  from  static  load  could  be  greater 
by  a  factor  of  almost  two. 

Elongation  due  to  temperature  and  the  stresses  arising  there¬ 
from  may  also  occur  In  other  assembly  elements  of  the  engine  (TNA, 

00)  and  In  the  "plumbing,”  particularly  when  hot  gases  are  used  to 
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eject  the  fuel  components  from  the  fuel  tanks  Into  the  combustion 
chamber . 

In  order  to  relieve  the  chamber  liners  (made  without  coor¬ 
dination  of  the  stress-bearing  elements)  of  the  temperature  loads, 
arising  as  a  result  of  nonuniform  liner  heating  and  elongation,  the 
outer  cheunber  liner  Is  generally  made  of  shells  whose  ends  are  Inter¬ 
connected  with  some  clearance  along  the  axis  by  means  of  special  com¬ 
pensation  rings  (similar  to  an  engine  of  the  A-4  type).  The  Installa¬ 
tion  of  temperature  compensators  on  the  outer  liner  Is  particularly 
necessary  for  large- dimension  chambers,  since  the  liners  of  such 
chambers  are  subject  to  considerable  temperature  elongation. 

The  compensation  rings  are  affected  by  the  stretching  force 
on  the  outer  chamber  liner,  said  force  arising  because  of  the  tenv* 
perature  deformations  of  the  Inner  liner,  and  because  of  the  pressure 
of  the  cooling  liquid;  the  pressure  of  atmospheric  air  may  be 
neglected. 

However,  since  the  compensators  which  can.  In  practice,  be 
made  exhibit  a  certain  elasticity  If  their  wall- thickness  is  sub¬ 
stantial  and  If  the  diameter  of  curvature  is  relatively  small,  it 
Is  generally  Impossible  fully  to  relieve  the  chamber  liner  of  the 
stresses  described  above. 

In  view  of  the  above.  In  the  strength  calculations  for  the 
Inner  chainber  liner  of  the  engine  It  Is  necessary  to  take  Into  con¬ 
sideration  the  stresses  arising  within  the  liner  as  a  result: 

1)  of  the  difference  between  the  pressure  of  the  cooling 
liquid  across  the  duct  and  the  gases  In  the  channel  of  the  chamber; 

2)  of  the  temperature  difference  through  the  thickness  of 
the  liner; 

3)  of  the  rigidity  of  the  temperature  compensators,  reslst- 
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ing  the  elongation  of  the  Inner  liner  relative  to  the  outer  liner, 
as  the  former  16  heated. 

These  stresses  within  the  liner  vary  along  the  chamber 
length,  emd  as  a  result  It  Is  particularly  difficult  to  take  these 
stresses  Into  accovint  In  engine  design. 

Inner- liner  rigidity  Is  extremely  Important  from  the  stand¬ 
point  of  Its  reliable  operation,  since  during  engine  operation  the 
liner  Is  loaded  from  without  by  the  excess  pressvire  of  the  cooling 
liquid.  Under  the  action  of  the  pressure  of  the  cooling  liquid  and 
because  of  the  thrust  on  the  nozzle,  the  Inner  chamber  liner  may,  at 
high  tenQ>eratures,  easily  become  unstable,  buckle  Inward,  heat  up 
rapidly,  or  criiinble. 

The  temperature  difference  through  the  thickness  Is  Insig¬ 
nificant  for  the  outer  chamber  liner,  and  In  Its  strength  calcula¬ 
tions,  therefore,  we  take  into  consideration  only  those  stresses 
arising  within  It  because: 

1)  of  the  pressure  forces  due  to  the  cooling  liquid  within 
the  duct; 

2)  of  the  rigidity  of  the  temperature  compensators  restrict¬ 
ing  the  elongation  of  the  outer  liner,  l.e.,  the  temperature  elonga¬ 
tion  of  the  Inner  liner  which  is  structurally  connected  to  the  outer 
liner. 

The  outer  chamber  liner  is  regarded  as  a  thln-walled  vessel 
that  Is  subject  to  Internal  pressure. 

The  stresses  for  the  tenperature  conpensators  are  determined 
by  calculating  the  bending  moments  (resulting  from  the  great  thick¬ 
ness  of  their  walls,  relative  to  the  radius  of  curvature). 

Hie  material  of  the  chamber  head  Is,  In  practice,  also  called 
upon  to  function  at  conparatlvely  low  temperatures,  and  as  a  result 
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special  requirements  are  Imposed. 

The  head  and  the  chamber  liner  are  to  be  regarded  as  a  single 
structure,  with  a  coordinated  stress-bearing  frame. 

When  centrifugal  spray  nozzles  are  used,  the  chamber  head  of 
the  engine  Is  frequently  made  of  two  flat  plates  and  one  outer  spheri¬ 
cal  plate  which  form  the  cavities  from  which  the  fuel  (combustible) 
and  oxidizer  are  fed  to  the  spray  nozzles. 

The  structural  connection  of  the  flat  head  plates.  In  each 
Individual  case,  may  vary.  The  head  In  a  coordinated  stress-bearing 
frame  will,  during  operation,  receive  static  load  In  the  form  of  the 
pressure  difference  between  the  mean  pressure  of  the  combustible  and 
the  oxidizer  In  the  feed  cavities  and  the  gas  pressure  In  the  com¬ 
bustion  chamber. 

The  head  plate  that  Is  In  contact  with  the  hot  gases  Is 
strongly  heated  and  linearly  elongated.  Since  the  plate  Is  rigidly 
and  structurally  connected,  by  one  method  or  another,  to  the  upper 
head  plate  across  Its  entire  surface,  and  connected  to  the  cylinder 
of  the  combustion  chamber  on  Its  periphery,  temperature  stresses 
which  tend  to  reduce  mechanical  properties  arise  within  the  material 
used  In  the  head,  and  these  stresses  are  In  addition  to  the  stresses 
which  may  be  attributed  to  static  load.  It  Is  Important  for  the  head 
of  the  chamber  to  be  sufficiently  rigid  and  that  the  required  degree 
of  hermetic  sealing  be  maintained  at  the  points  at  which  the  spray 
nozzles  have  been  expanded. 

OAie  basic  goal  In  designing  a  chamber  head  Is  the  determina¬ 
tion  of  Its  rigidity  for  given  operating  pressures  and  tenqperatures. 
Experiments  show  that.  In  practice,  the  material  used  In  the  chamber 
head  Is  not  subject  to  plastic  deformation.  In  this  case,  a  chamber 
head  may  be  designed  In  the  usual  manner,  employing  the  theory  of 
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elasticity. 

In  chamber  liners  with  a  coordinated  stress-bearing 
frame,  the  temperature  eaqjanslons  of  the  inner  liner,  in  both  the 
axial  and  radial  directions,  are  limited  by  the  fact  that  it  is 
structurally  connected  with  the  outer  liner.  In  this  liner  design, 
the  distribution  pattern  for  the  axial  and  radial  forces  is  extremely 
complex  and,  in  practice,  the  calculation  of  these  forces  is  ex¬ 
tremely  difficult. 

In  addition  to  high-strength  characteristics,  chamber  ele¬ 
ments,  as  well  as  the  points  at  which  they  are  connected  to  one 
another,  must  exhibit  a  certain  rigidity  because  they  bear  the  vibra¬ 
tion  loads  which  might  arise  in  an  engine,  said  loads  caused  by 
pressure  fluctuations  in  the  gases  within  the  combustion  chamber, 
as  well  as  by  other  factors. 

In  strength  calculations  for  chambers,  gas-pressure  fluc¬ 
tuations  within  the  combustion  chamber  during  launching,  during  opera¬ 
tion,  and  upon  stopping  the  engine,  and  the  thermal  and  random:  dynamic 
loads  that  have  not  been  taken  into  consideration  to  this  point  must 
now  be  accounted  for  by  means  of  appropriate  strength  safety  factors 
for  the  material.  If  the  engine  chamber  is  welded,  the  thickness  of 
its  inner  liner  must  be  somewhat  greater  than  rated,  in  order  to  make 
provision  for  the  technically  permissible  poor  weld-seam  penetration 
(up  to  of  liner  thickness)  and  the  possible  concentration  of 
stresses  within  the  material  due  to  welding. 

In  planning  an  engine,  frequently  the  thickness  of  the  inner 
and  outer  chainber  liners,  as  well  as  the  chamber  head,  are  assumed; 
then,  during  the  design  stage  of  the  chamber,  these  are  checked  for 
strength.  In  addition,  in  order  to  simplify  the  equipment  needed  for 
the  production  of  the  chamber,  inner  combustion- chamber  liners  and 
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nozzles  are  made  in  identical  thicknesses. 

The  static  Internal  loads  on  Individual  elements  of  the 
chamber  vary  for  various  operating  regimes  In  the  engines,  i.e.,  on 
launching,  during  normal  operation,  and  on  stopping.  The  strength- 
calculation  checks  for  the  chamber  should  be  carried  out  during  these 
most  characteristic  engine- operating  regimes. 

As  the  engine  Is  started,  the  gas  pressure  In  the  combustion 
chamber  Is  equal  to  zero,  and  the  pressure  of  the  cooling  fluid  In 
the  duct  attains  Its  highest  (complete)  value.  The  Inner  chamber 
liner  Is  unheated.  At  that  Instant,  the  chamber  liner  Is  loaded  to 
the  maximum  from  without  because  of  the  pressure  of  the  fluid.  The 
strength  calculations  for  the  liner  should  be  based  on  the  point  most 
heavily  loaded  (In  Section  2,  see  Pig.  7.12)  and  In  the  section  with 
the  greatest  diameter.  In  this  case,  the  high-strength  properties  of 
the  metal  used  In  the  liner  are  tedcen  for  normal  temperatures.  Cal¬ 
culations  are  carried  out  for  strength  and  liner  stability.  The  out¬ 
let  section  of  the  nozzle  Is  the  most  dangerous  with  respect  to  loads. 
Consequently,  this  nozzle  section  must  be  checked  for  stability. 

During  normal  engine  operation,  static  fluid  load  on  the 
liner,  from  the  nozzle  outlet  to  the  chamber  head,  diminishes  as  a 
result  of  the  changing  gas  pressure  along  the  length  of  the  chamber; 
however,  there  Is,  as  a  result  of  this,  a  substantial  increase  In 
the  liner  temperature  and.  In  this  connection,  liner  strength  Is 
decreased.  In  this  case,  we  must  take  Into  consideration  permissible 
resistance  and  the  elasticity  modulus  of  the  liner  material  as  func¬ 
tions  of  temperature. 

In  the  calculations,  the  mechanical  properties  of  the  mate¬ 
rial  should  be  determined  at  the  mean  liner  temperature,  I.e.,  at 
(^.J&L±!ka..  The  points  on  the  liner  for  which  these  calculations 
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have  to  be  made  are  the  following;  the  nozzle  outlet,  the  critical 
section  of  the  nozzle,  and  the  greatest  cross  section  of  the  combus¬ 
tion  chamber.  The  strength  and  stability  of  the  liner  are  also  akl- 
culated. 

As  the  engine  is  stopped,  the  liquid  pressure  in  the  cooling 
duct  may  be  high  or  low,  depending  on  the  setting  of  the  fuel-feed 
system  valves,  and  the  pressure  in  the  combustion  chamber  drops  to 
atmospheric.  The  inner  chamber  liner  is  heated  to  a  high  temperature. 
This  situation  could  be  extremely  dangerous  for  a  chamber  in  which 
the  liquid  pressure  in  the  duct  does  not  diminish  or  drops  only 
slightly,  even  after  a  total  gas-pressure  drop  within  the  chamber. 

The  restarting  of  the  engine  is  particularly  dangerous. 

Strength  calculations  for  auxiliary  engine  elements  (tubing, 
tanks,  springs,  diaphragms,  reduction  gears,  turbines,  pumps,  etc.) 
are  carried  out  according  to  well-known  methods  and,  as  a  rule,  no 
serious  difficulties  are  encountered. 

SECTION  11.  REQUIREMENTS  FOR  MATERIALS  USED  IN  ENGINE  CHAMBERS 

The  operating  conditions  for  various  chamber  elements  in  an 
engine  differ  sharply  from  one  another.  The  outer  chamber  liner,  in 
practice,  functions  at  low  temperatures  and  therefore  no  special 
requirements  are  imposed  on  its  materials,  as  is  the  case  with  mate¬ 
rials  used  in  the  chamber  head.  For  the  fabrication  of  these  chamber 
elements,  conventional  low-carbon  steels  may  be  used. 

The  inner  chamber  liner  functions  under  extremely  difficult 
conditions  and  as  a  result  rigid  requirements  apply  to  the  materials 
used  here. 

The  material  for  the  inner  chamber  liner  in  an  engine  must 

exhibit: 
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1)  high  heat  resistance,  since  the  inner  liner  operates  at 
high  temperatures,  despite  the  steps  taken  to  reduce  these; 

2)  high  thermal  conductivity  and  high  reflecting  power,  since 
this  will  reduce  the  temperature  of  the  liner  gas  surface  and  increase 
its  strength; 

3)  easy  processing  during  manufacturing,  and  if  the  chamber 
is  of  welded  design,  then  with  good  weldability; 

4)  high  resistance  to  corrosion  with  the  use  of  metal-aggres¬ 
sive  fuel  conqponents,  and  this  is  particularly  important  for  multiple- 
start  engines  (where  the  engine  is  restarted  many  times); 

5)  the  capacity  to  resist  mechanical  and  chemical  action  of 
the  gases  flowing  past  the  liner  at  high  speeds; 

6)  a  low  coefficient  of  thermal  expansion,  which  simplifies 
considerably  the  design  of  the  outer  chamber  liner; 

7)  good  resistance  to  shock,  vibration,  and  thermal  loads 
arising  during  launching,  operation,  and  the  stopping  of  the  engine; 

8)  the  lowest  possible  specific  weight,  since  the  ratio  of 
the  ultimate  strength  of  the  material  to  the  specific  weight  y^* 
determines  the  specific  strength  of  the  material;  the  higher 

the  better  the  material  and  the  lower  the  over-all  weight  of  the 
chamber. 

In  addition,  the  material  must  be  Inexpensive  and  readily 
available . 

At  the  present  time,  there  is  no  material  completely  satisfy¬ 
ing  all  of  the  above- enumerated  contradictory  requirements.  For 
example,  the  requirements  for  high  strength  and  thermal  conductivity 
for  the  material  at  substantial  temperatures  cannot  be  combined  in 

a  single  material,  since  materials  exhibiting  high  strength  generally 
"^m  “  '^material  “  *^materlal  *  ^ 


» 


( 


have  low  thermal  conductivity,  and  vice  versa. 

Materials  capable  of  withstanding  substantial  stresses  at 
high  temperatures  (stainless  and  heat-resistant  steels),  are  best 
used  for  the  manufacture  of  liners  of  limited  thickness,  in  which 
case  satisfactory  heat  transfer  between  the  gases  and  the  cooling 
liquid  is  assured.  However,  to  use  these  materials  for  the  manufac¬ 
ture  of  combustion-chamber  liners  of  large  dimensions  is  not  always 
possible,  since  in  this  case  the  heat-transfer  conditions  require  that 
the  thickness  of  the  liner  be  so  small  that  it  would  be  unsuitable, . 
in  terms  of  stability,  even  for  chambers  operating  under  low  loads . 

The  materials  used  in  Zh^  may  have  high,  medium,  and  low 
thermal  conductivities. 

Materials  of  high  thermal  conductivity  are  copper  and  aluminum, 
as  well  as  alloys  of  these  with  other  materials.  These  materials, 
relative  to  steels,  have  low  permissible  stresses,  as  well  as  limited 
resistance  to  heat.  Aluminum  alloys  lend  themselves  to  processing. 
Copper  exhibits  higher  thermal  conductivity,  but  Just  as  aluminum, 
can  be  used  in  engine- chamber  designs  in  which  the  liner  is  artifici¬ 
ally  relieved  of  mecheuilcal  loads. 

Low-carbon  steels  exhibiting  a  coefficient  of  thermal  con¬ 
ductivity  of  about  40  to  50  kcal/ra  hr  °C  are  materials  of  medium 
thermal  conductivity. 

These  steels  lend  themselves  to  stamping  and  welding.  Rela¬ 
tive  to  copper  and  aluminum  alloys,  they  are  more  resistant  to  heat 
emd  as  a  result  exhibit  a  lower  thermal  conductivity,  satisfactory 
specific  strength,  are  relatively  inexpensive,  and  in  adequate  supply. 
These  steels  are  the  basic  materials  used  in  the  fabrication  of  ZhRD 
chambers,  despite  the  fact  that  they  have  such  shortcomings  as  light 
oxidizability  and  little  resistance  to  erosion. 


I 
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Low-carbon  steels  are  most  suitable  for  the  fabrication  of 
multiple-start  engine  chambers  operating  on  nonaggressive  fuel  com¬ 
ponents,  and  for  single-start  engines  operating  on  aggressive  fuel 
components.  The  Inner  liners  of  the  majority  of  ZhRD  are  made  of 
such  steels. 

Low  thermal- conductivity  materials  Include  hlgh-alloy  and 
heat-resistant  steels.  These  steels  function  well  at  high  tempera¬ 
tures  emd  are  resistant  to  erosion.  However,  as  a  rule,  they  do  not 
lend  themselves  well  to  stamping  and  welding.  Moreover,  they  are  ex¬ 
pensive  and  in  short  supply.  They  are  used  for  engine  chambers  operat¬ 
ing  on  aggressive  fuel  components. 

In  selecting  the  material  for  the  inner  chamber  liner  it  is 
necessary  to  bear  in  mind  the  requirements  for  the  cooling  of  the 
engine,  as  well  as  to  take  into  consideration,  on  the  one  hand,  the 
changes  in  specific  engine  characteristics  which  occur  in  a  particular 
engine  variant,  and,  on  the  other  hand,  the  production  and  economic 
considerations . 

The  operating  temperatvire  for  the  gas  surface  of  liners  in 
contemporary  engines  generally  ranges  from  425  to  925°C  (with  an 
average  of  about  650°C) .  At  these  temperatures,  many  of  the  existing 
materials  exhibit  satisfactory  strength  under  normal  engine- cooling 
conditions.  However,  the  necessity  of  increasing  specific  engine 
thrust  by  using  fuels  of  higher  heating  value,  with  high  combustion 
tenperatures,  makes  it  necessary  to  seek  out  materials  for  the  inner 
liner  of  the  chamber,  which  can  be  heated  safely  to  higher  tempera¬ 
tures  . 

The  development  of  ^l;iRD  required  the  development  of  heat- 
resistant  materials:  plastics,  light  alloys  of  aluminum  and  titanium, 
special  heat-resistant  ferrous-  and  nickel -based  alloys,  high-melting 
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metals  (molybdenum,  tungsten)  with  protective  coatings,  refractory 
ceramics,  and  metallocereunic-type  compositions  (see  Section  13# 

I  Chapter  9) . 

At  the  present  time,  the  problem  of  seeking  out  materials 
for  the  inner  liner  of  a  2^  chamber  is  receiving  considerable 
attention. 

The  majority  of  the  remaining  chamber  elements  and  other 
engine  assemblies  can  be  made  of  conventional  inexpensive  and  readily 
available  materials.  However,  they  must  be  selected  with  an  eye  to 
the  requirements  Imposed,  and  we  have  reference  here  to  such  items 
as  adequate  strength  at  minimum  component-part  dimensions,  low  spe¬ 
cific  weight,  limited  cost,  etc. 

The  physlcomechanlcal  characteristics  of  the  metals  and 
alloys  used  for  the  fabrication  of  engines  are  cited  in  the  corre- 

t 

SECTION  12.  DETERMINATION  OP  OPTIMUM  PRESSURE  IN  ZhRD  COMBUSTION 
CHAMBER 

In  order  to  provide  the  missile  with  the  greatest  possible 
flight  range,  we  can  both  Improve  the  cycle  and  the  design  of  the 
ZhRD.  as  well  as  select  the  optimum  engine  parameters.  One  of  the 

basic  parameters  is  the  gas  pressure 
Pj^  In  the  combustion  chamber. 

It  has  already  been  pointed 
out  above  that  an  Increase  In  gas 
pressure  In  the  combustion  chamber 
leads,  on  the  one  hand,  to  an  in¬ 
crease  in  specific  engine  thrust 
(at  first  rapidly,  and  then  begin¬ 
ning  at  40  to  60  abs  atm  slowly,  and 


Pig.  7.15.  Principal  pattern 
of  changes  In  specific  thrust 
and  over-all  engine  weight  as 
functions  of  pressure  within 
the  combustion  chamber. 

1)  With  a  pressure- fed  fuel- 
feed  system;  2)  with  a  pu^^>- 
fed  fuel-feed  system. 
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at  about  100  abs  atm  extremely  insignificantly)  and,  on  the  other 
hand.  It  leads  to  increased  expenditure  of  energy  for  the  feed, 
under  pressure,  of  fuel  into  the  combustion  chamber,  in  addition  to 
bringing  about  an  Increase  in  engine  weight,  particularly  of  the  fuel 
feed  system  as  a  result  of  Its  increased  capacity. 

For  this  reason,  the  velocity  at  the  end  of  the  powered 
phase  and  the  flight  range  of  the  missile  will  initially  Increase 
as  Pj^  Is  Increased,  since  in  this  case  the  Increment  in  specific 
engine  thrust  is  more  than  enough  to  offset  the  energy  consumed 

on  carrying  a  corresponding  weight  increment  for  the  engine  into 

space,  and  then  after  we  have  attained  a  certain  value  of  Pj^  which 
may  be  referred  to  as  optimum,  the  powered-phase  velocity  and  mis¬ 
sile-flight  range  will  diminish  in  view  of  the  fact  that  the  incre¬ 
ment  will  no  longer  be  adequate  to  impart  motion  to  the  weight 

increment  (Pig.  7.15). 

In  designing  engines  for  missiles,  the  gas  pressure  in  the 
combustion  chamber  is  frequently  taken  from  statistical  data,  since 
there  are  still  too  few  satisfactory  methods  for  determining  its 
optimum  magnitude  analytically.  Such  an  approach  to  the  solution  of 
the  problem  may  not  always  be  successful . 

In  conteii5)orary  ZhRD.  the  gas  pressure  in  the  combustion 
chamber  fluctuates  over  the  following  ranges: 

a)  with  a  turbopump  fuel-feed  system,  Pj^  «  15-50  abs  atm, 
at  a  feed  pressure  of  •  25-60  abs  atm; 

b)  with  a  pressure- fed  fuel-feed  system  (using  VAD  or  ZhAD) 
p.  *  25-30  abs  atm  and  higher  at  a  feed  pressure  of  p  •  32.t40  abs 

K  P 

atm,  and  with  PAD,  Pj^  •  40-50  abs  atm. 

Optimum  gas  pressure  in  the  combustion  chamber  of  the  engine 
depends,  basically,  on  engine  thrust,  operating  time,  and  the  fuel- 
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feed  system  and  designation  of  the  missile.  Approximate  calculations 
indicate  that  for  engines  and  missiles  presently  in  use,  the  optimum 
pressure  in  the  combustion  chamber,  with  respect  to  flight  range, 
lies  within  the  limits  of  from  15  to  30  abs  atm  for  pressure-fed 
fuel-feed  systems,  and  50  to  70  abs  atm  for  turbopump  fuel- feed 
systems,  with  gas  ejection  into  the  atmosphere  behind  the  turbine.* 

The  optimum  gas  pressure  in  the  combustion  chamber  of  an 
engine  being  designed  must  be  selected  to  take  into  consideration 
the  structural  features  of  the  engine,  the  efficiency  and  reliability 
of  engine  operation,  and  the  factors  which  affect  missile- flight 
range,  l.e.,  proceeding  from  the  condition  of  obtaining  the  b#st 
flight  characteristics  for  a  missile  of  variable  weight. 

In  first  approximation,  this  condition  is  met  by  the  trans- 
forroatlon  of  the  formula  after  K.E.  Tslolkovskly  for  the  determina¬ 
tion  of  missile-flight  velocity  at  the  end  of  the  powered  phase: 

y)  m/sec,**  (7*1. 

where  a  =  fuel-weight  ratio  for  the  missile;  b  =  P/Qq 

is  the  thrust-weight  ratio  for  the  missile;  Gq  is  the  starting 
weight  of  the  missile,  consisting  of  the  structural  weight  of  the 
missile,  payload  weight,  and  the  weight  of  the  engine  with  the  fuel 
and  the  working  fluids  of  the  fuel-feed  system  (conqpressed  gas,  ex¬ 
haust  gas,  etc.). 

In  this  case,  the  conditional  weight  of  the  engine  is  ex¬ 
pressed  by  the  following  formula: 

0*,  “I*  ^piC.ita  "I" 

*T3zh.  Khemfris  [0.  Humphreys].  Raketnyye  dvlgatell  1  upravlyayemyye 
cnaryady.  IL  [Rocket  Sigines  and  Guided  Missiles],  1958. 

“  ^kon  “  ^konets  “  ^end*^ 

pa6.Teji“  ®rab.tel  ®  ®rabochoye  telo  *  ^working  fluid 
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or 

■  0«=T«^+(TB+^  +  l)0n  (7.16) 

where  Is  the  specific  weight  of  the  engine  without  fuel  tanks 
(chambers,  turbopun®)  assembly  with  gas  generator  or  pressure  acdumu- 
lator  [gas-pressure  generator]  etc.)j  Yg  “  specific 

weight  of  the  fuel  tanks,  primarily  a  function  of  thrust  suid  engine- 
operating  time;  q  »  ®j.ab  tel'^^t  specific  weight  of  the  auxiliary 

working  fluids  in  the  fuel-feed  system  (compressed  gas,  exhaust  gas, 
etc. ). 


If  we  refer  the  conditional  weight  of  the  engine  to  the  starting 
weight  Qq  of  the  missile,  we  obtain  the  following  expression  for  the 
relative  weight  of  the  engine: 

-^-^+(T.+^+l)^or(3,.=ftT«+(TB+^+l)«. 


lAience 


Pig,  7.16.  For  the 
determination  of  op¬ 
timum  gas  pressure 
in  the  combustion 
chamber  of  an  engine. 


•[Yb  •  Vb  ■  Yflak  * 


.  (7.17) 

7,  +  ff  +  l  '  ' 

The  term  in  parentheses  in  Pormila  (7.15) 
for  was  introduced  for  purposes  of  ac- 
cotintlng  for  the  effect  of  missile  weight  on 
velocity  as  the  missile  climbs.  The  effect  of 
air  drag  on  the  magnitude  of  in  the 

flight  of  a  missile  is  not  taken  into  con¬ 
sideration  with  this  formula,  since  this  for¬ 
mula,  in  great  measure,  depends  on  the  engine - 
operating  regime,  the  flight  trajectory,  and 
the  aerodynamic  characteristics  of  the  mis¬ 
sile;  therefore,  in  this  case,  this  effect 
ccuinot  be  expressed  analytically.  For  pur- 
] 
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poses  of  a  comparative  evaluation  of  various  fuel -feed  systems,  no 
serious  errors  are  Introduced  Into  the  calculations  as  a  result. 

Having  selected  a  quantity  b  for  this  type  of  missile,  and  having 
assigned  a  series  of  values  for  Pj^  (for  example,  20,  30,  40,  50,  60 
atm  abs,  etc.),  and  calculating  the  corresponding  values  of  Pud  and 
7}^^  for  the  given  thrust  and  engine -operating  time,  we  can  find  the 
maximum  velocity  which  will  correspond  to  the  optimum  value 

of  pressure  (Pig*  7.16). 

The  practical  solution  of  this  problem  Is  fraught  with  great  dif¬ 
ficulties,  since  a  correct  preliminary  evaluation  of  a  series  of  quGui- 
tltles  Is  required  when  these  values  are  selected  as  Initial  calcula¬ 
tion  data.  In  this  case.  It  Is  particularly  difficult  to  determine.  In 
advance,  the  dry  weight  of  the  engine  being  planned. 

Calculations  Indicate  that  when  pressurized  fuel-feed  systems  are 
used,  the  terminal  flight  velocity  ^kon  changes  significantly  with  re- 
speot  to  the  pressure  p^  within  the  ooBbustion  chamber  of  the  engine, 
and  has  a  pronounced  maximum  In  the  region  of  Pj^  <•  15-30  atm  abs; 
whereas  for  a  turbopump  fuel-feed  system,  there  Is  a  relatively  weak 
dependence  and  an  almost  horizontal  maximum  In  the  region  of  pressures 
exceeding  pj^  =  70  atm  abs. 

The  pronounced  dependence  between  ^kon  and  Pj^  In  the  pressxuflzed 
fuel -feed  system  can  be  explained  by  the  fact  that  the  weight  of  this 
system  (the  fuel  tanks  and  the  pressure  accvunulator  —  gas-pressure- 
generator)  Is  directly  proportionate  to  the  pressure  wltliln  the  com¬ 
bustion  chamber.  As  a  result.  In  the  rer'.lon  of  high  pressures,  despite 
a  certain  Increase  In  specific  thrust,  the  relative  weight  of  the  fuel- 
feed  system  Increases  so  markedly,  that  \on  Is  reduced. 

The  turbopump  fuel -feed  system  raises  the  relative  weight  as  pj^ 

Is  Increased  because  of  the  Increeuse  In  the  weight  of  the  pump  xmlt 
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and  the  engine  chanlber.  However ^  since  this  Increase  Is  conqparatlvely 
small,  the  region  of  the  greatest  values  of  \on  shifts  toward  the 
higher  values  of  Pj^  euid  can  be  presented  In  a  relatively  flat  curve. 

With  em  Increase  In  pj^,  the  weight  of  the  combustion  chamber 
diminishes,  vdiereas  the  weight  of  the  diverging  section  of  the  nozzle 
Increases  as  a  result  of  the  necessary  elongation  of  the  nozzle  which 
Is  needed  to  generate  a  high  pressure  difference  for  the  gases;  how¬ 
ever,  In  this  case,  the  over-all  weight  of  the  engine  chamber  In¬ 
creases  Insignificantly. 

Since  with  an  Increase  In  p^^  gas  temperature  readings  within  the 
combustion  chamber  rise  as  does  the  quantity  of  heat  transferred  to 
the  chamber  liner,  which  limits  the  liner's  strength,  makes  cooling 
more  difficult,  and  Is  associated  with  structural  and  technological 
difficulties,  the  design  of  the  chamber  for  the  engine  being  plemned 
Is  best  carried  out  with  a  p^^  that  Is  somewhat  below  the  optimum  value. 
This  remark  Is  particularly  to  the  point  In  the  case  In  which  a  turbo¬ 
pump  fuel-feed  system  Is  used,  when  the  curve  representing  Vn  as  a 
function  of  p^^  Is  almost  con^letely  horizontal. 

Using  the  values  of  (or  flight  range  L)  for  the  missile  at 

Pk  opt*  construct  curves  for  and  L  In  working  at  optimum 

regimes  for  various  designs,  and  these  are  functions  of  the  val¬ 

ues  of  P,  \v-  and  b. 

Approximate  calculations  Indicate  that  In  the  case  of  pressurized 
fuel -feed  systems,  an  Increase  In  the  thrust-weight  ratio  b  for  the 
missile,  at  a  given  value  for  the  relative  weight  of  the  engine. 
Increases  the  optimum  pressure  Pj^  In  the  combustion  chamber,  and 
with  a  given  value  for  b  and  am  Increase  In  71^^  the  pressixre  Pj^ 
diminishes  (Fig.  7* 17)*  Also,  for  a  turbopUmp  fuel-feed  system,  with 
an  Increause  In  engine  thrust  P  for  a  given  value  of  b  the  presstire 
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opt  and  here  the  greater  the  Increase,  the  lower 

(Plg.  7.18).  However,  for  the  given  values  of  P  euid  the  Increase 

In  b  reduces  Pj^,  opt'  case  the  greater  the  Increeuse,  the 

lower  thrust  Pj  the  greater  P,  the  higher  Pj^ 


Fig.  7>  17*  Optimum  combustion-cham¬ 
ber  pressure  as  a  function  of  the 
thrust-weight  ratio  for  the  missile 
(left-hand  ctirves)  and  of  the  rela¬ 
tive  engine  weight  (right-hand 
curves)  for  the  pressurized  fuel- 
feed  systems. 


Fig.  7*  l8<  Optimum  combustion-cham¬ 
ber  pressure  In  the  engine  as  a 
function  of  thrust  (left-hand 
curves)  and  of  the  thrust -weight 
ratio  for  the  missile  (right-hand 
curves)  for  a  turbopump  fuel-feed 
system. 


Throvigh  the  use  of  an  engine  chamber  and  fuel-feed  system  with 
Improved  weight  and  economic  characteristics,  optimum  pressure  In  the 
combustion  chamber  may  be  Increased  up  to  80-100  atm  abs,  which  In¬ 
creases  the  specific  thrust  of  the  engine  by  8-15$^  relative  to  the 
specific  thrust  developed  at  pj^  -  30  atm  abs,  1.  e. ,  yields  as  much  of 
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a  gain  as  would  be  possible  through  the  use  of  more  efficient  fuels. 


SECTION  13.  DETERMINATION  OP  ENGINE  WEIGHT 

The  weight  of  a  ZhgD  depends  on  Its  type  and  design,  the  pressure 
within  the  combustion  chamber  and  the  outlet  section  of  the  nozzle, 
the  magnitude  of  absolute  thrust,  the  selected  fuel-feed  system,  and 
many  other  factors. 

With  an  Increase  In  pressure  Pj^  In  the  combustion  chamber,  the 

weight  of  an  engine  of  given  nominal  thrust  Increases.  This  Increase 

In  G^^  Is  high  with  a  pressurized  fuel-feed  system  and  small  In  the 

case  of  a  turbopunqp  fuel -feed  system;  In  this  case  the  weight  Gj^  of 

the  chamber  diminishes,  whereas  the  weight  G_  _  of  the  fuel-feed  sys- 

s  •  p 

tem*  Increases  (Pig.  7* 19)>  since  the  latter  must  be  made  stronger  In 
view  of  the  movement  of  the  fuel  components  to  the  points  at  which 
they  are  used,  and  this  under  great  pressure. 


Pig.  7* 19*  Chamber 
weight  Gj^,  fuel-feed- 

system  weight  Og^p* 

and  the  weight  ®dv 

of  the  entire  engine 
as  approximate  func¬ 
tions  of  the  pres¬ 
sure  p^  In  the  com¬ 
bustion  chamber. 


A  drop  In  Gj^  with  an  Increase  In  p^^  can 
be  explained  by  the  reduction  ol  optimum  vol- 
vime  and,  consequently,  of  the  dimensions  be¬ 
cause  of  the  per-second  rate  of  fuel  flow 
Into  the  chamber  developing  a  given  thrust 
and  specific  volume  for  the  products  of  com¬ 
bustion.  The  per-second  rate  of  fuel  flow 
Into  the  combustion  chamber  developing  the 
given  thrust  diminishes  as  a  result  of  the 
Increase  In  operating  efficiency  due  to  the 
diminished  dissociation  of  the  products  of 
combustion,  the  raising  of  their  temperature. 


*^®c.n  “  ®s.p  “  ®_slstemy.  topllvojjodachl 
“  ^fuel-feed  system*  ^ 
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and  the  increased  efficiency  of  the  engine. 

Calculations  show  that  as  Pj^  is  Increased,  for  example,  by  a  fac¬ 
tor  of  two,  the  cross-sectional  area  of  the  combustion  chamber  also 
diminishes  by  a  factor  of  two,  and  Its  diameter  becomes  equal  to  about  | 
70J^  of  Its  Initial  value.  If,  In  this  case,  the  gas  flow  rate  within 
the  chamber  remains  constant.  I 

With  an  Increase  In  pj^,  the  thickness  of  the  chamber  liners  In-  1 

creases  In  almost  direct  proportion  and,  therefore,  the  weight  of  the  | 

liners  Increases  per  \inlt  area.  However,  a  reduction  In  combustion-  I 

I 

chamber  weight  as  a  result  of  reduced  dimensions  Is  more  significant  j 

and,  therefore,  the  over -all  weight  of  the  combustion  chamber  dlmln-  | 

Ishes  as  p^  Is  Increased. 

An  Increase  In  engine  thrust  for  a  given  pj^  Is  accompanied  by  in-  j 

creased  combustion-chamber  and  nozzle  dimensions  and  weight  (Fig.  j 

7.20),  and  this  can  be  ejqjlained  by  a  corresponding  Increase  In  the  \ 

per-second  rate  of  fuel  flow  Into  the  chamber  and,  consequently,  by  an  I 

Increase  In  the  dimensions  euid  thickness  of  the  walls.  Calculations  | 

show  that  an  Increause  In  0^^  takes  place  somewhat  more  slowly  than  the 
Increase  In  thrust. 

It  should  be  borne  In  mind  that  not  all  of  the  units  within  the 
chamber  and  the  fuel -feed  system  of  an  engine  permit  proportional 

. 

variations  In  dimensions  with  a  change  In  p^  or  thrust.  In  particular, 
for  a  combustion  chamber,  this  Is  associated  with  a  required  time 
period  to  achieve  the  cycle  within  the  chamber,  certain  mechanical  I 

limitations,  and  the  conditions  of  engine  operation.  I 

With  an  Increase  In  Py^,  the  weight  of  the  chamber  nozzle  also  1 

diminishes  (Fig.  7* 21),  since.  In  this  case,  there  Is  a  significant  1 

reduction  In  the  areas  of  the  critical  and  outlet  nozzle  sections.  The 
Insignificant  simultaneous  Increase  In  liner  length  euid  thickness 
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Pig.  7.20.  Chamber  weight 

as  approximate  function  of  Its 
absolute  thrust  Pj^  and  combus¬ 
tion-chamber  pressure  pj^.  1) 

Point  of  Initial  values  for 
thrust  ^kl  and  of  chamber 

weight  ^kl  at  Pj^  =  20  atm, 

relative  to  which  the  compari¬ 
son  Is  being  made;  2)  curve  of 
relative  change  In  as  func¬ 
tion  of  Pj^;  3)  curve  of  rela¬ 
tive  change  In  as  function 
of  Pj^,  with  a  given  Pj^  «  20 
atm.  a)  Relative  thrust. 

(weight  per  unit  area)  has  little  effect  on  the  queuitlty  0^.  However, 
at  low  engine  thrust,  this  theoretical  gain  In  nozzle  weight.  Is,  for 
all  Intents  and  purposes.  Insignificant. 

Given  Increased  altitude  characteristics  for  the  nozzle,  the 
dimensions  and  weight  of  the  nozzle  Increase,  as  do  the  gas -energy 
losses  within  the  nozzle,  this  due  to  the  friction  of  the  getses  eigalnst 
the  walls.  A  reduction  In  the  weight  and  length  of  a  hlgh-altltude 
nozzle  Is  possible  by  Increasing  the  flare  angle  of  Its  outlet  section; 
however,  this  will  result  In  Increased  gas -energy  losses  due  to  the 
dispersion  of  the  gas  stream  at  the  outlet,  and  the  detaching  of  the 
gas  stream  from  the  walls.  Therefore,  In  selecting  the  flare  £uigle  for 
the  outlet  section  of  the  chamber  nozzle.  In  this  case.  It  Is  necessary 


to  4;  Is  the  ultimate  strength  of  the  liner  material  at  ambient 
temperature. 

With  normal  engine  operations,  the  outer  chamber  liner  is  subject 

to  a  liquid  pressure  p^j^,  and  the  inner  liner  is  subject  to  the  action 

of  the  pressure  difference  between  the  cooling  liquid  in  the  duct  and 
the  gases  within  the  chamber,  i. e. , 

l^P0X»=^PM-'Pf  (7.20) 

In  this  case,  the  thickness  of  the  inner  flame  tube  of  the  engine 

chamber  (or  a  section  of  it)  can  be  determined  according  to  the  fol¬ 

lowing  formula; 

mm,  (7.21) 

<ww 

Where  is  the  ultimate  strength  for  the  material  used  in  this  liner, 
at  average  heating  temperature. 

The  head  of  the  engine  chamber  developing  low  and  medium  thrusts 
is  frequently  made  of  two  flat  steel  plates,  each  approximately  2.5  to 
3  mm  thick,  on  which  are  mounted  the  spray  nozzles  and  one  steel 
spherical  plate  with  a  radius  r^^  »  [sic],*  where  dj^  is  the  diam¬ 

eter  of  the  combustion  chamber.  The  flat  plates  of  the  head  are  fas¬ 
tened  to  the  spherical  plate  by  means  of  gusset  plates  (fins).  The 
strength  safety  factor  for  the  head  is  »  1.  5.  The  thickness  of 

the  chamber-head  plates  may  be  assxuned  to  remain  consteint  with  a 
change  in  combustion-chamber  pressure. 

The  thickness  of  the  flame  tube  of  the  chamber  may  be  taken  to  be 
identical  along  its  length,  but  not  less  them  1-1. 5  mm  with  a  coordi¬ 
nated  stress -bearing  liner  system,  and  approximately  2-3  mm  in  the 
case  of  a  noncoordinated  stress -bearing  system. 

If  the  liners  are  connected  to  one  einother  by  means  of  special 

"  ^sf  “  ^sferlcheskiy  “  ^spherical*  ^ 
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stress -bearing  elements,  the  weight  of  this  element  can  be  taken  Into 
consideration  by  a  certain  fictitious  Increaae  In  the  thickness  of  the 
flame  tube. 

This  thickness  for  the  Inner  chamber  liner  may  be  calculated  ac¬ 
cording  to  the  following  formula: 

(7-22) 

Where  6  and  6^^  represent  the  thickness  of  the  Inner  liner  and  the 
linking  element  for  the  two  liners,  respectively;  k  «  2  Is  the  ficti¬ 
tious  Increase  In  thickness  for  the  liner,  for  purposes  of  calculating 
the  weight  of  the  connecting  element. 

The  weight  of  the  engine  chamber  can,  approximately,  be  deter¬ 
mined  according  to  the  following  formula: 

(7-23) 

where  Is  the  coefficient  which  takes  Into  consideration  the  weight 
of  the  atomization  head,  the  structural  elements  of  the  combustion 
chamber  and  nozzle,  as  well  as  the* tubing  and  fittings  which  come  Into 
play  here,  said  data  not  taken  Into  consideration  In  conventional 
strength  calculations. 

The  coefficient  Is  determined  on  the  beuals  of  statistical 
data  (according  to  the  data  for  that  existing  type  of  engine  which 
serves  as  a  model  for  the  new  engine  being  planned) ;  for  engines  de¬ 
veloping  low  or  medl\im  thrust,  this  coefficient  may  amotint  to  approxi¬ 
mately  755^  of  the  total  weight  of  the  two  chamber  liners. 

The  method  cited  here  for  the  determination  of  refers  to  the 
noncoordlnated  liner  system  for  an  engine  chamber.  The  weight  of  the 
liners  In  a  coordinated  system  ceui,  approximately,  be  evaluated  on  the 
basis  of  statistical  data. 

“  *flkt  “  ^flktivnyy  “  ^fictitious*  ^ 
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The  weight  of  the  remaining  engine  elements  can  be  determined. 


approximately,  on  the  basis  of  the  following  formulas: 


®k~U^k»  ^tha““Ttha^t»  I  (7*24) 

0„  =  7„P,  j 

Where  P  is  the  nominal  thrust  of  the  engine,  in  kg;  Is  the  power  of 
the  turbine  in  the  pun^  unit,  in  hp;  Is  the  conditional 

m  specific  weight;  Ygg  “  conditional  specific  weight  of 

the  gas  generator;  Yj^  is  the  specific  weight  of  the  chamber.  In  kg/kg 
of  thrust;  Y^jy  is  the  specific  weight  of  the  engine.  In  kg/kg  of 
thrust. 

For  design  of  the  planned  engine,  the  values  of  'VjgA*  "^k^ 

Yjj^  are  tedcen  on  the  basis  of  statistical  data. 

The  specific  weights  are,  on  the  whole,  extremely  Important  char¬ 
acteristics  of  chambers  and  engines.  With  an  Increase  in  absolute 
thrust,  with  a  drop  In  combustion -chamber  pressure,  and  with  Improved 
design,  the  specific  weight  of  the  engine  Is  diminished.  The  lower  the 
specific  weight  of  the  chamber  and  the  engine  on  the  whole,  the  more 
perfect  the  engine  from  the  standpoint  of  design.  With  Identical  spe¬ 
cific  weights,  the  better  engine  Is  the  one,  all  other  conditions  be¬ 
ing  equal,  whose  specific  fuel  consumption  Is  the  lowest. 

When  the  specific  weight  Is  not  the  sole  determining  factor, 
structurally  simpler  and  less  expensive  engine  elements,  even  If  these 
are  less  efficient,  should  be  selected.  Such  a  solution  to  the  problem 
can  be  Justified  on  the  basis  of  the  fact  that  1  kg  of  engine  Is  al¬ 
most  100  times  as  expensive  as  1  kg  of  consumed  fuel. 

In  order  to  calculate  the  weight  of  an  engine  chamber.  It  Is  gen¬ 
erally  divided  Into  the  following  elements  (sections) :  the  head,  the 
cylindrical  portion  of  the  combustion  chamber,  the  converging  portion 
of  the  combustion  chamber  (nozzle)  and  the  diverging  nozzle  section. 
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There  are  Indications  In  foreign  literature  that  with  a  given  pres¬ 
sure  in  the  combustion  chamber,  the  weight  of  the  chamber  nozzle 
chsuiges  in  proportion  to  the  change  in  thrust,  whereas  the  weight  of 
the  combustion  chamber  changes  in  proportion  to  the  square  root  of  the 
thrust  (Pig.  7.22).  With  an  increase  in  thrust  up  to  25  to  30  tons, 
the  specific  weight  of  the  engine  chamber  diminishes,  and  then  in¬ 
creases,  primarily,  as  a  result  of  an  Increase  in  the  weight  of  the 
chamber  head. 

Figure  7.23,  citing  the  same  sources,  shows  an  approximate  change 
in  the  weight  characteristics  of  a  single-chamber  engine  with  a  turbo - 
pump  unit  and  a  gas  generator  as  a  function  of  thrust. 

The  weight  of  the  turbopump  fuel -feed  system  (pumps,  turbine,  gas 
generator,  tubing)  Increases  almost  proportionately  with  the  Increase 
in  the  pressure  required  to  feed  the  fuel  components  into  the  combus¬ 
tion  chamber.  Therefore,  in  order  to  reduce  the  weight  of  this  fuel- 
feed  system,  the  pressure  difference  between  the  fuel  conponents  in 
the  spray  nozzles  and  the  cooling  liquid  in  the  Interllner  chamber 
space  is  expediently  reduced  to  its  minimum  values. 

The  dry  weight  of  a  single -chamber  A-4  engine  (without  fuel  tanks), 
developing  a  thrust  of  about  25  tons  on  the  ground,  at  Pj^  =  15. 0  atm 
abs,  is  920  kg,  and  the  weight  of  the  engine  chamber  is  446  kg. 

For  purposes  of  coeirse  calculations,  the  weight  of  the  individual 

elements  as  found  in  the  A-4  can  be  estimated  in  percent  of  the 
total  weight  0^^  of  the  engine  (without  taking  the  fuel  tanks  into 
consideration) : 

1)  of  the  chamber 

0,«  (0.46  H- 0,50)0,,; 

2)  of  the  turbopump  unit 

Otha*  (0,15  1- 0.17)0,,;.; 
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Fig.  7.22.  Change  in  spe¬ 
cific  engine-chamber  as 
function  of  magnitude  of 
thrust,  l)  Chamber  head; 
2)  chamber  nozzle;  3) 

kg/kg  of  thrust;  k)  com¬ 
bustion  chamber:  5;  en¬ 
gine  chamber;  6)  chamber 
head;  7)  chamber  nozzle; 
8)  combustion  chamber. 


Pig*  7.23.  Change  In 
specific  engine 
weight  as  function  of 
magnitude  of  thrust. 
1)  kg/kg  of 

thrust;  2)  engine;  3) 
engine  chamber;  4) 
and  22^  5)  fit¬ 
tings,  tubing,  etc. 


3)  vapor -gas  generator 

^nrr  ^  (0.10  -5-  0,15)  C7„;  * 

4)  auxiliary  devices  (other  elements) 

O.., « (0,20  H- 0.21)0,,.** 

Consequently,  using  these  data  and  the  relative  coefficients 
taken  from  the  statistics  available  from  conten^orary  we  ceui.  In 

approximate  terms,  estimate  the  weight  of  the  engine  being  planned,  as 
well  as  that  of  Its  Individual  elements. 


The  methods  used  to  the  present  time  for  the  preliminary  deter¬ 
mination  of  the  weight,  the  dimensions,  and  the  structural  parameters 
of  the  engine  being  planned,  and  this  applies  equally  to  the  Individ¬ 
ual  elements  of  the  engine,  are  still.  In  a  number  of  Instances,  not 
optimum  and  require  continuous  refinement  and  Improvement  because  of  a 
shortage  In  statistical  data,  and  this  applies  equally  to  the  methods 

*^^nrr  *  ^E22  "  ^Pfi^rogazogenerator  “  ®vapor-gas  generator*  ^ 

®v.u  **  ^vspomogatel 'nyye  ustroystva  “  ^auxiliary  device*^ 
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employed  In  design. 

A  reduction  In  weight  for  a  planned  engine  developing  a  given 
thrust  Is,  for  all  Intents  and  purposes,  possible  through  improved  de¬ 
signs  for  Its  Individual  elements,  the  use  of  materials  with  high  spe¬ 
cific  strength,  and  the  selection  of  the  minimum  permissible  strength 
safety  factors;  In  addition,  other  methods  have  to  be  carried  out  and 
these  are  spelled  out  In  the  corresponding  sections  of  the  present 
work. 

The  weight  of  the  pump-fed  fuel -feed  system  can  be  reduced  by  us¬ 
ing  fuel  tanks  of  lightened  design  with  Increased  pressure  (within  the 
tanks)  to  provide  for  stability  and  by  taking  steps  to  reduce  the 
weight  of  the  fuel -component  residues  within  the  tanks  and  In  the  en¬ 
gine  "plxomblng"  at  the  end  of  the  powered  phase  of  the  flight. 

A  slgnlflcsuit  reduction  in  weight  for  the  planned  engine  can  be 
achieved  by  selecting  an  optimum  thrust-weight  ratio  for  the  missile. 

At  the  present  time,  there  Is  a  tendency  to  reduce  the  thrust-weight 
ratio  for  a  missile.  Vertical  take-off  missiles  (long-range)  frequently 
have  an  Initial  acceleration  of  less  than  1.5  g;  however,  under  cer¬ 
tain  conditions  this  acceleration  can  be  approximately  1. 2  g.  *  The  op¬ 
timum  acceleration  for  small  antiaircraft  missiles  generally  rsmges 
between  3  and  8  g. 

In  planning  long-range  missiles,  we  may  reg8u?d  a  thrust-weight 
ratio  b  *  1. 5  as  acceptable  for  the  first  stage,  and  1.3  for  the  later 
stages. 

In  the  process  of  Improving  the  gh^,  particular  attention  has 
also  been  devoted  to  reducing  cost  and,  primarily,  to  raising  the 
quality,  reliability,  and  control  precision  for  the  operations  of  the 
Individual  xinlts. 

•Voprosy  raketnoy  tekhnlkl.  Issue  4,  IL,  1958. 
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SECTION  14.  DETERMINATION  OP  ENGINE  DIMENSIONS 

The  dimensions  of  a  ZhRD  are  characterized  by  its  great  diameter 
6md  length.  The  preliminary  determination  of  the  dimensions  for  a 
planned  engine  are  possible  only  in  approximate  terms.  The  greatest 
diameter  of  an  engine  is  a  function  of  the  tactical  designation  and 
the  initial  weight  Qq  of  the  missile. 

To  determine  the  diameter  of  the  engine,  we  may  make  use  of  the 
following  formulas: 

1)  for  lateral  missile  load 

c  =  kg-m^;*  (7.25) 

2)  for  relative  engine  thrust 

b  “  Pq/^O  (7.26) 

If  we  replace  the  value  of  Qq  in  (7*25)  with  the  value  taken  from 

(7.26)  we  obtain,  for  the  midsection  of  the  missile, 

f  (7.27) 

*■  »e  4 

whence  the  maximum  missile  diameter  will  be 

In  this  case,  the  maximum  engine  diameter  for  the  given  missile 
ceui  be  expressed  by  the  following  formula: 

D„^kD^,  (7.29) 

where  k  *  0.  86  is  the  coefficient  by  which  we  take  into  consideration 
the  dimensions  of  the  bulkheads  and  the  production  clearances  for  the 
"tall"  liner  of  the  missile. 

Substituting  the  value  of  D^^  from  (7.28)  into  (7.29),  we  will 
finally  obtain 

■D„  «  0.972 (7.30) 
CH  **  ^sn  “  ^snaryad  “  ^missile*  ^ 
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Consequently^  assuming  values  for  b  and  _c,  on  the  basis  of  sta¬ 
tistical  data,  for  a  corresponding  type  of  missile  and  its  tactical 
designation,  the  last  formula  may  be  used  to  determine  approximately 
the  maximum  diameter  of  the  engine  being  planned  for  this  missile. 

The  length  of  the  engine,  without  fuel  tanks,  is  generally  a 
function  of  Its  type  and  designation,  magnitude  of  thrust,  and  other 
factors;  therefore,  the  preliminary  estimates  for  the  engine  are  ex¬ 
tremely  difficult.  In  missile  planning,  the  preliminary  length  of  the 
engine  can  be  determined,  approximately,  through  the  use  of  statistical 
data. 

SECTION  15.  METHODS  OP  IQNITINQ  FUEL  ON  ENGINE  START 

At  the  Instant  of  engine  start,  nonhypergollc  fuel  components  re¬ 
quire  powerful  outside  energy  sources  for  the  initial  Ignition  and 
continuation  of  the  combustion  until  the  starting  regime  is  attained. 
Then,  as  the  combustion  of  the  starting  fuel  flow  has  been  established, 
the  need  for  the  Ignition  source  Is  eliminated  and  the  engine  can  be 
transferred  from  the  starting  regime  to  the  nominal  regime.  The  In¬ 
stallation  which  Is  used  for  fuel  Ignition  In  ZhRD  starts  Is  referred 
to  as  the  engine -Ignition  system. 

The  ignition  system  for  single-shot  ZJigg  is  Intended  to  function 
only  during  the  starting  period,  and  afterwards  It  Is  automatically 
shut  off  or  Jettisoned,  since  the  continued  combustion  of  the  fuel  en¬ 
tering  the  combustion  chamber  Is  accomplished  by  the  heat  of  the  pre¬ 
ceding  burning  fuel  Injections.  The  thermal  energy  needed  for  this  Is 
approximately  lOfL  of  the  potential  heat  of  the  fuel  being  Ignited. 

S&SS  ^snltlon  systems  are  called  upon  to  provide  the  following: 

1)  the  Ignition  must  be  strong  and  reliable  enough  at  ambient 
temperatures  of  ~50°C,  since  the  Initial  vaporization,  mixing,  and  Ig- 


c 


c 


nltlon  of  the  fuel  components  In  a  cold  combustion  chamber  are  con¬ 
siderably  Inferior  to  the  case  In  which  the  engine  is  operating  nor¬ 
mally; 

2)  the  Ignition  must  be  achieved  prior  to  the  Inflow  of  the  basic 
fuel  components  to  the  combustion  chamber,  and  In  this  case  the  time 
difference  between  the  influx  of  the  oxidizer  and  the  combustible  must 
be  small  enotigh  In  order  to  eliminate  the  possibility  of  weakening  the 
Ignition  focus  through  cooling  (flooding)  by  one  or  the  other  of  the 
fuel  components; 

3)  the  fuel  Ignition  must  take  place  close  to  the  combustlon- 
chamber  head  so  that  the  starting  fuel  mixture  will  be  employed  for 
the  Ignition  operation;  moreover,  the  ignition  should  not  Impair  or 
interfere  with  the  steady-state  fuel-combustion  process; 

4)  the  ignition  system  must  be  simple  and  Inexpensive  from  the 
structural  standpoint; 

5)  the  ignition  system  for  a  multiple-start  engine  must  permit 
repeated  starts. 

Certain  additional  requirements  may  be  placed  upon  individual  Ig¬ 
nition  systems. 

The  Igniters  presently  In  use  on  ZhRD  cannot  simultaneously  sat- 

) 

Isfy  the  requirements  for  multiple  starts,  limited  delay  in  Igniting 
fuel  components,  and  engine  starts  at  great  altitudes. 

In  the  case  of  low  power  or  "nonnormal"  ignition-system  operation, 
a  great  quantity  of  the  chemically  unreacted  fuel  mixture  may  accumu¬ 
late  in  the  combustion  chamber  of  the  engine.  The  danger  of  the  explo¬ 
sion  of  the  fuel  mixture  that  Is  associated  with  this  Is  extremely 
great.  Therefore,  the  engine  must  have  a  system  of  control  which  would 
make  It  possible  to  restrict  the  accumulation  of  fuel  within  the  com¬ 
bustion  chamber.  In  the  event  that  the  starting  ignition  operation 
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does  not  function  properly. 

Various  Ignition  systems  may  be  used,  depending  on  the  type  of 
fuel  components  used,  the  type  of  engine,  and  the  conditions  under 
which  It  Is  operated. 

Ignition  systems  In  contemporary  engines  can  be  divided  according 
to  a  series  of  basic  Indicators,  such  as: 

1)  according  to  the  designation  of  the  system:  a)  single-start 
operations,  used  In  single-start  engines  (missiles,  torpedoes,  etc.); 
b)  multiple-start  operations,  used  In  engines  for  multiple  starts  (air¬ 
craft,  test  stand); 

2)  according  to  the  point  at  which  the  Ignition  Installation  Is 
mounted  on  the  engine:  a)  with  the  mounting  of  the  Ignition  Installa¬ 
tion  on  the  head  of  the  combustion  chamber;  b)  with  the  Introduction 
of  the  Ignition  Installation  within  the  combustion  chamber  from  the 
side  of  the  nozzle  (similar  to  the  A-4  engine); 

3)  according  to  the  method  used  to  Ignite  the  starting  or  operat¬ 
ing  fuel  components:  a)  electrical  Ignition,  1. e. ,  with  the  use  of 
electrical  devices  —  electric  spark  plugs,  voltaic  arcs;  b)  "pyrotech- 
nlcal"  Ignition,  l.e. ,  through  the  use  of  one  or  more  "pyrocartrldges" 
and  c)  chemical  Ignition,  l.e.,  through  the  use  of  hypergollc  fuel 
components  —  starting  or  basic. 

Ignition  by  means  of  electric  spark  plxigs  Is  structurally  simple 
and  If  properly  carried  out  can  provide  for  an  unlimited  number  of  en¬ 
gine  starts.  The  electric  spark  plug  Is  generally  mounted  In  the  head 
of  the  combustion  chamber. 

Ignition  by  means  of  conventional  electric  spark  plugs  exhibits 
the  following  shortcomings: 

a)  conqparatlvely  low  heat  power  on  the  part  of  the  electric  spark 
plug  and,  consequently.  Inadequate  reliability  for  fuel  combustion  at 
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low  ambient  temperatures; 

b)  the  need  for  a  source  of  electric  energy,  which  ccuinot  always 
easily  be  situated  In  the  weapon; 

c) '  limited  operational  capacity  In  the  acid-hydrocarbon  media.  In 
view  of  the  bridging  of  the  spark  gap  by  the  electrically  conductive 
acid. 

Conventional  electric  spark-plug  Ignition  Is  used  In  engines  de- 

) 

veloplng  low  thrust  or  In  small  experimental  chambers  which  are  used 
for  test -stand  purposes. 

In  order  to  Ignite  the  fuel  on  starting  the  engine,  a  spark-lgnl- 
tlon  system  of  high  power,  using  semiconductors,  may  be  employed.  In 
this  case,  the  spark  plug  consists  of  two  concentrically  situated  elec¬ 
trodes,  Insulated  from  one  another,  and  whose  ends  are  situated  In  one 
plane  with  the  Insulator,  the  surface  of  the  latter  covered  with  a 
semiconductor  layer  near  the  electrodes.  As  the  electrodes  receive 
voltage,  a  current  flows  through  the  semiconductor;  since  the  semicon¬ 
ductor  Is  nonuniform,  a  more  powerful  current  passes  through  the  point 
at  which  the  conductor  resistance  Is  lowered.  This  section  of  the  con¬ 
ductor  heats  up.  At  the  same  time,  the  current  Increases  and  leads  to 
a  continued  Increase  In  conductor  ten^erature.  An  accumulation  of  cur¬ 
rent  of  this  sort  sets  up  an  electrlc-clrcult  section  within  the  semi¬ 
conductor,  and  the  temperature  here  Is  adequate  to  bring  about  the 
Ionization  of  the  fuel  mixture  In  the  vicinity  of  the  electrodes,  and 
as  a  result  a  powerful  spark  discharge  between  the  electrodes  takes 
place. 

Depending  on  the  magnitude  of  the  voltage,  this  phenomena  may  be 
repeated  with  a  period  of  the  order  of  1  M.sec.  If  the  voltage  In  the 
system  Is  2  kv,  then  relative  to  a  conventional  high-voltage  Ignition 
system,  corona  and  surface-discharge  losses  are  reduced. 
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The  "pyrotechnical"  Ignition  system,  depending  on  the  design  and 
dimensions  of  the  engine  chamber,  is  Installed  in  the  head  of  the  com¬ 
bustion  chamber  (similar  to  the  electric  spark  plugs)  or  within  the 
combustion  chamber,  from  the  side  of  the  nozzle,  on  a  special  holder. 

In  the  latter  case,  after  the  ignition  of  the  working  fuel  components, 
the  ignition  Installation  is  ejected  from  the  chamber  to  the  outside 
by  means  of  the  gas  stream. 

In  the  A-4  engine,  the  ignition  of  the  fuel  during  launching  was 
carried  out  through  the  introduction,  into  the  combustion  chamber 
through  the  nozzle,  of  a  special  turntable  on  which  the  pyrocartrldges 
were  situated  tangentially  about  the  circumference.  With  the  ignition 
of  the  psrrocartrldges ,  the  turntable  started  rotating,  and  the  entire 
chamber  was  filled  with  a  powerful  burning  flame  and  gases  of  high 
temperature;  then,  a  small  amount  of  fuel  entered  the  combustion  cham¬ 
ber,  and  this  fuel  was  ignited,  and  subsequently  the  fuel  feed  in¬ 
creased. 

The  pyrocartrldges  are  generally  Ignited  by  means  of  an  electric 
filament,  and  operate  reliably  at  ambient  temperatures  of  +60°C,  burn 
rather  uniformly  for  a  number  of  seconds  and  yield  a  combustion  flame 
with  a  temperatvire  of  from  2000-2500*^0.  Therefore,  "pyrotechnical"  ig¬ 
nition  is  sufficiently  reliable  both  on  the  ground  and  at  any  altitude. 

At  the  present  time,  pyrotechnical  ignition  is  used  in  engines  of 
various  thrusts,  with  single-  or  multiple -steu*t  operation,  and  a  single 
launch  stage. 

Chemical  ignition  systems,  in  a  nvunber  of  cases,  may  successfully 
compete  with  the  structurally  simple  and  operationally  adequately  re¬ 
liable  system  of  pyrotechnical  ignition  because  of  their  great  power 
and  operational  duration.  This  ignition  method  may  be  used  in  engines 
developing  various  thrusts,  for  single-  and  multiple-start  operations. 
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For  the  chemical  Ignition  of  nonhypergollc  fuel  components  In  the 
fuel-feed  system  of  the  engine,  a  special  starting  system  Is  Installed, 
and  on  launch  this  system  Is  used  to  supply  the  hypergollc  fuel  com¬ 
ponents  to  the  combustion  chamber  Initially,  and  then,  after  the  forma¬ 
tion  of  a  powerful  burning  flame  within  the  combustion  chamber,  the 
basic  components  are  fed  to  the  chamber.  Such  a  launch  sequence  Is 
structurally  simple  and  makes  It  possible  to  transfer  smoothly  and  re¬ 
liably  from  the  starting  fuel  components  to  the  basic  components. 

Single-start  chemical  Ignition  Is  possible  also  at  the  chamber- 
nozzle  end;  however.  In  this  case,  the  Ignition  Installation  Is  struc¬ 
turally  more  complex  than  In  the  case  of  Ignition  from  the  combustion- 
chamber  head  end,  1. e. ,  through  the  operating  spray  nozzles.  In  this 
case,  the  Ignition  flame  Is  directed  toward  the  working  fuel  compo¬ 
nents  and  Ignition  Is  kept  reliable  without  additional  starter  devices 
within  the  engine. 

For  the  chemical  Ignition  of  nonhypergollc  fuel  components  It  Is 
sometimes  expedient  to  select  a  special  starter  combustible  which  Is 
hypergollc  with  the  basic  fuel  oxidizer  for  the  engine.  The  selection 
of  such  a  combustible  presents  no  particular  difficulties  In  practice. 
This  combustible  must  Ignite  spontaneously  with  a  delay  of  no  more 
than  0.03  seconds.  It  must  be  high  In  heating  value,  nontoxic,  and  In¬ 
expensive.  The  liquid  Tonka-230  and  other  liquids  may  be  used  as  the 
Ignition  combustible. 

There  are  a  great  many  hypergollc  fuels  of  various  composition. 
They  are  used  In  as  steu>ter  and  basic  fuels.  The  fundamental 
shortcomings  of  these  fuels  are  their  low  heating  value,  high  cost, 
and  short  supply. 

In  order  to  obtain  uniform  Ignition  -of  the  working  mixture  with¬ 
out  shocks,  the  chemical  Ignition  system  for  the  engine  must  satisfy 
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the  following  additional  requirements  as  the  working  mixture  enters 
the  combustion  chamber. 

1.  The  Ignition  Installation  must  produce  an  Intensive  flame  that 
fills  the  entire  volume  of  the  ccmbustlon  chamber  Into  which  the  work¬ 
ing  components  of  the  fuel  enter,  and  there  can  be  no  "dark"  zones,  at 
least  In  that  section  of  the  chamber  Into  which  the  working  ccmiponents 
are  sprayed. 

The  Ignition  system  cannot  be  considered  Independently  of  the 
mlxture-kformation  system,  since  high-quality  mixture  formation  may  sig¬ 
nificantly  ease  the  requirements  Imposed  on  the  Ignition  system  for 
the  engine.  The  permissible  Ignition  lag  for  the  starter  fuel  compo¬ 
nents  Is  closely  associated  with  the  quality  of  atomization;  the 
greater  the  Ignition  lag,  the  more  perfect  mixture  formation  has  to  be. 

2.  The  starter  combustible  (fuel)  mixture  must  have  optimum  com¬ 
position  not  In  terms  of  specific  thrust  but  In  teimis  of  low  Ignition 
lag,  requiring  a  small  quantity  of  heat  from  the  Ignition  source  In 
order  to  attain  the  temperature  at  which  Intensive  combustion  can  be¬ 
gin.  The  fuel-mixture  compositions  that  are  close  to  the  stoichiomet¬ 
ric  generally  exhibit  high  heating  value  and,  consequently,  provide 
for  the  more  rapid  establishment  of  thermal  equilibrium  for  the  cham¬ 
ber  walls  and  gases  than  Is  the  case  with  mixtures  of  other  composi¬ 
tions. 

We  must  select  the  starter  fuel  components  from  the  standpoint 
that  the  starting  regime  for  the  engine  has  a  significant  effect  on 
the  Ignition  lag  for  the  starter  components  and  on  the  nature  of  the 
rise  In  pressure  within  the  combustion  chamber.  The  lower  the  Ignition 
lag  and  the  smoother  the  Increase  In  pressure,  the  safer  the  start  and 
the  transition  to  the  operating  regime,  emd  accordingly  we  can  set  a 
higher  value  for  the  ratio  of  fuel  consumption  In  the  operating  regime 


and  the  start  regime.  Low-quality  starter  hypergollc  fuel  components, 
as  a  rule,  result  In  the  explosion  of  the  engine,  either  during  start¬ 
ing,  or  In  the  transition  regime. 

In  the  operating  regime,  the  quality  of  the  starter  components 
has  less  effect  on  the  operation  of  the  engine.  The  nature  of  the 
pressure  Increase  In  the  combustion  chamber.  In  the  case  of  starter 
combustible  (fuel)  mixtures.  Is  equally  as  Important  as  the  Ignition 
lag.  A  slow  Increase  In  pressure  makes  the  starting  of  the  engine 
safer  and  makes  It  possible  to  use  starter  components  with  a  greater 
Ignition  lag.  The  selection  of  an  Ignition  method  depends  on  a  variety 
of  considerations,  particularly  on  whether  or  not  the  Ignition  will 
Involve  a  single  start  or  multiple  starts. 

Of  the  Ignition  systems  presently  In  use,  the  greatest  guarantee 
of  f allproof  Ignition  Is  offered  by  the  chemical  "charge"  Ignition 
system  for  a  one-shot  engine  (see  Section  3,  Chapter  XIl).  Explosions 
and  engine  breakdown  In  case  of  Ignition  failure.  In  this  case,  are 
prevented  by  a  reliable  "autoblocking"  system  which  prevents  the  com¬ 
bustible  (fuel)  mixture  from  entering  the  combustion  chamber  In  such 
cases. 

With  the  "charge"  starting  system  for  the  engine,  explosions  may 
be  quite  accidental  and  are  caused,  prlmatrlly,  by  unsatisfactory  qual¬ 
ity  of  starter  fuel  components.  The  use  of  this  system  for  starts  Is 
generally  accompanied  by  a  pronounced  Increase  In  gas  pressure  within 
the  combustion  chamber  of  the  engine. 

In  engines  operating  on  hypergollc  fuel  components,  chemical  Ig¬ 
nition  during  starting  Is  accomplished  by  mechanical  means.  In  this 
case.  It  becomes  unnecessary  to  build  In  any  sort  of  Ignition  system. 
However,  the  use  of  hypergollc  fuel  conqponents  has  serious  limitations. 

For  the  reliable  starting  of  aui  engine,  the  Ignition  lag  for  the 
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hypergolic  fuel  components  must  not  exceed  0.01  to  0.03  sec.  In  order 
to  ascertain  such  ignition  lags  for  the  hypergolic  fuels,  sufficiently 
active  hypergolic  combustibles  (fuels)  are  selected,  and  oxidizer  ac¬ 
tivation  is  employed.  For  example,  the  addition  of  nitrogen  tetroxide 
(H204)  to  the  nitric  acid  reduces  the  freezing  point  of  the  oxidizer 
to  a  certain  limit,  raises  the  activity  of  the  oxidizer.  Increases  the 
heating  value  of  the  fuel,  and  eases  the  starting  conditions  for  the 
engine.  The  addition  of  concentrated  sulfuric  acid  (H2S02^)  reduces  the 
aggressive  properties  of  the  nitric  acid  with  respect  to  the  struc¬ 
tural  materials  used  In  the  engine,  and  Improves  the  starting  condi¬ 
tions,  particularly  In  the  case  of  hypergolic  combustibles  (fuels); 
however.  In  this  case,  there  Is  a  slight  drop  In  the  heating  value  of 
the  fuel.  The  addition  of  ferric  chloride  (PegCl^)  also  reduces  the 
freezing  point  of  nitric  acid  and  Increases  its  activity.  In  conjunc¬ 
tion  with  a  limited  reduction  In  the  heating  value  of  the  fuel. 

With  engine  starts  at  gi?eat  altitudes,  where  the  pressure  and 
the  tenqjerature  of  the  surrounding  medium  are  relatively  lower,  this 
Ignition  lag  may  be  even  greater.  The  combustible  (fuel)  mixture  accu¬ 
mulating  within  the  combustion  chamber  because  of  the  Ignition  lag  may 
suddenly  Ignite  and  burn  up,  thus  raising  the  pressure  excessively, 
resulting  In  the  explosion  of  the  engine. 

SECTION  16.  QENERAL  PROBLEMS  IN  PLANNINQ  AND  DESICNINO  CHAMBERS 

Preliminary  calculations  for  Individual  engine -chamber  elements, 
for  purposes  of  establishing  their  strength  dimensions.  In  the  major¬ 
ity  of  cases  are  Impossible  or  practically  unsatisfactory,  since  It  Is 
not  possible  to  plan  designs  and  dimensions  In  advance.  Therefore,  In 
planning  an  engine  chamber  It  becomes  necessary,  first  of  all,  to  se¬ 
lect  the  structural  configuration  of  the  chamber  (following  general 
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considerations),  the  material  of  which  the  chamber  Is  to  be  made,  and 
tentatively  to  set  structural  and  strength  dimensions  for  the  Individ¬ 
ual  elements;  subsequently,  the  over-all  assembly  of  these  elements  Is 
carried  out,  and  the  strength  calculations  are  then  checked. 

In  order  to  undertake  the  over-all  assembly  of  the  engine  chamber 
It  Is  necessary  to  select  an  expedient  shape  for  the  chamber,  as  well 
as  for  the  chamber  head,  and  In  addition  expedient  types  of  fuel-spray 
nozzles  must  be  chosen,  as  must  the  location  pattern  of  these  nozzles 
on  the  chamber  head;  In  addition,  the  chamber-cooling  method,  the 
shape,  and  the  proposed  geometric  dimensions  for  the  cooling  duct  must 
also  be  chosen.  Simultaneously,  a  number  of  other  problems  must  be  re¬ 
solved.  In  particular.  In  planning  the  chamber  head,  we  must  clarify 
which  additional  devices  (with  the  exception  of  the  spray  nozzles) 
must  be  positioned  on  the  head.  In  view  of  the  necessity  for  providing 
fuel  Ignition  for  one-shot  or  multiple-start  engines,  providing  for  a 
supply  of  fuel  conqponents  to  the  combustion  chamber,  etc. 

After  these  problems  have  been  resolved,  we  can  start  on  the  cal¬ 
culations  to  determine  the  reliability  of  chamber  cooling  and  carry 
out  the  strength  calculations  for  the  remaining  chamber  elements.  This 
stage  of  the  operation  terminates  with  the  final  geometric  assembly  of 
the  chamber  and  the  necessary  repeat  calculations.  In  this  case.  It  Is 
generally  necessary  to  select  the  most  suitable  methods  of  supplying 
the  fuel  components  to  the  chamber  and  to  drain  the  liquid  from  the 
cooling  duct;  In  addition,  we  must  select  the  methods  by  which  we  In¬ 
terlink  the  Individual  chamber  elements  and  fasten  the  chamber  either 
to  the  thrust  frame  or  directly  to  the  weapon. 

Welding  or  Jointing  may  be  used  to  attach  the  head  to  the  combus¬ 
tion  chamber  (depending  on  the  designation  of  the  engine  and  the  se¬ 
lected  atomization  method  for  the  fuel  components).  Welding  Is  always 
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expedient  to  Interlink  the  remaining  engine  elements,  since  this  method 
Is  the  simplest  and  least  expensive,  and  the  entire  chamber  construc¬ 
tion  becomes  comp€U?atlvely  lighter.  Jointed  construction  may  prove  to 
be  preferable  only  for  certain  multiple-start  engine  component  parts. 

In  engines  developing  low  thrust,  the  fuel  conqponents  are  gen¬ 
erally  fed  to  the  chamber  through  separate  tubes.  In  contemporary  en¬ 
gines,  elaatlc  tubing  Is  used.  At  high  per-second  fuel  flow  rates  to 
the  chamber,  each  of  the  pon^onents  can  be  carried  through  several 
tubps  In  order  to  provide  for  a  more  uniform  feed  to  the  spray  nozzles. 
The  fuel  components  used  for  chamber  cooling  are  frequently  delivered 
to  the  chamber-nozzle  manifold  through  three  or  more  tubes  In  order  to 
provide  uniform  Initial  liquid  flow  within  the  cooling  duct. 

The  fuel  manifold  to  the  coolant  passage  (cooling  duct)  of  the 
chamber  serves  as  the  Joint  for  the  nozzle.  The  manifold  supply  tubes 
must  be  as  single  In  configuration  as  possible.  The  liners  of  a  welded 
chamber  must  be  Joined  to  the  head  as  simply  and  as  Inexpensively  as 
possible,  without  using  special  machined  rings. 

The  removal  of  the  fuel  (liquid)  from  the  passage  (duct)  to  the 
chamber  head  may  be  direct  (similar  to  the  A-4  engine)  or  through  the 
use  of  several  supply  tubes  (In  the  case  of  a  demountable  chamber 
head). 

In  the  space  In  front  of  the  spray  nozzles  situated  In  the  head 
of  the  engine  chamber  It  Is  sometimes  expedient  to  set  up  a  fuel  dis¬ 
tributor  In  order  to  avoid  nonuniform  liquid  pressure  In  front  of  the 
spray  nozzles,  which  can  be  attributed  to  the  velocity  head  at  the 
outlet  from  the  supply  tube. 

In  building  a  gjRD  chamber,  we  should  take  Into  consideration  the 
requirements  Imposed,  the  difficult  operating  conditions  for  Individual 
elements,  and  also  the  necessity  of  precision  fabrication.  The  expan- 
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Sion  of  Individual  chamber  parts  due  to  temperature  should  be  taken 
Into  consideration  In  order  to  avoid  reducing  the  strength  safety  fac¬ 
tors  for  the  metal  because  of  the  appeeu:*ance  of  temperature  stresses 
during  engine  operation. 

In  designing  a  Zt^  chamber,  regardless  of  shape.  It  Is  extremely 
In^ortcmt  to  provide  for  high  strength  and  to  prevent  the  burning  out 
of  the  chamber  during  operation.  The  strength  of  the  chamber  and  the 
stability  of  shape  are  generally  provided  by  selecting  the  required 
liner  thickness  and  using  various  types  of  fastening  elements.  As  the 
latter,  we  can  use  either  longitudinal  fins  on  the  liner,  or  fins 
which  are  made  In  the  form  of  multiple-start  square  threads  with  small 
pitch;  these  fins  also  facilitate  the  cooling  of  the  engine  chaunber. 

It  may  sometimes  turn  out  that  such  fastening  Is  Inadequate.  In  this 
case,  "band"-type  binding  may  be  used  as  the  fastening  element. 

Since  the  engine  Is  a  component  part  of  the  weapon.  It  must  have 
an  efficiently  designed  system  by  which  It  Is  adapted  to  the  weapon. 

The  Joints  for  fastening  the  chamber  to  the  thrust  frame  or  the  weapon 
are  generally  placed  close  to  the  chamber  head  where  the  strength  of 
the  metal  Is  not  weakened  as  much  due  to  heating.  These  Joints  must 
wlthstsuid  reliably  the  thrust.  Inertial,  and  vibration  loads  which 
arise  during  flight.  The  fastening  of  the  chamber  to  the  thiaist  frame 
must  permit  the  free  thermal  expansion  of  the  heated  engine  parts  as 
well  as  the  turning  of  the  engine  relative  to  Its  centering  axis  aboard 
the  missile. 

The  engines  used  on  weapons  designed  for  rapid  changes  In  flight 
direction  and  subject,  as  a  result,  to  great  lateral  acceleration  (an¬ 
tiaircraft  missiles,  aircraft),  should  be  fastened  close  to  their  cen¬ 
ter  of  gravity  If  only  possible,  thereby  reducing  the  magnitudes  of 
the  bending  moments  within  the  fastening  supports. 


-  483  - 


tnw*"  -'titwy  w>«wa»  WWW  r 

The  fastening  of  the  engine  to  the  weapon  depends  on  the  design, 
engine  dimensions,  and  magnitude  of  thrust,  as  well  as  on  the  type  of 
weapon  and  similar  factors;  therefore  there  Is  a  variety  of  structural 
designs.  In  a  number  of  existing  weapons,  this  fastening  Is  accom¬ 
plished  by  means  of  special  frame  beams  or  gusset  platep. 

The  problems  associated  with  the  planning  and  designing  of  an  en¬ 
gine  chamber  are  generally  resolved  In  the  following  sequence: 

1)  the  volume  of  the  combustion  chamber  Is  determined; 

2)  the  shape  of  the  combustion  chamber  Is  selected  as  Is  the 
shape  of  the  combustion-chamber  heads,  and  selection  Is  ipade  of  the 
type  of  fuel  spray  nozzles  and  the  location  pattern  for  these  on  the 
chamber  head; 

3)  the  method  of  fastening  the  head  to  the  combustion  chamber  Is 
chosen; 

4)  the  over-all  geometric  assembly  of  the  engine  chamber  Is  car¬ 
ried  out; 

3)  the  cooling  system  for  the  chamber  Is  selected,  as  are  the 
shape  and  dimensions  of  the  coolant  passage;  a  check  calculation  Is 
carried  out  to  determine  cooling  reliability; 

6)  the  chamber-liner  construction  Is  selected,  as  are  the  struc- 
tiu'al  materials  for  the  liners,  for  the  chamber  head,  and  for  other 
chamber  elements; 

7)  selection  Is  made  of  the  methods  to  compensate  the  linear 
elongation  of  chamber  elements  due  to  temperature  and  decisions  are 
taken  as  to  their  structural  realization; 

8)  selection  Is  made  of  the  methods  to  supply  the  coolant  to  the 
chamber  nozzle  and  to  remove  the  coolant  from  the  coolant  passage  to 
the  head; 

9)  hydraulic  calculations  for  the  coolant  passage  of  the  chamber 
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are  carried  out; 

10)  the  starting  method  for  the  engine  Is  selected  and  the  struc¬ 
tural  elements  which.  In  this  connection,  must  be  situated  on  the 
chamber  head  are  refined; 

11)  selection  Is  made  of  the  method  and  the  points  at  which  the 
chamber  Is  fastened  to  the  thrust  frame  or  directly  to  the  weapon; 

12)  selection  Is  made  of  the  production  process  Involved  In  the 
fabrication  of  the  chamber,  and  the  production  adaptability  of  the  de¬ 
sign  Is  determined; 

13)  final  engine  chamber  assembly  Is  carried  out  and  calculations 
to  check  strength  and  operating  stability  are  performed. 

This  list  does  not  exhaust  all  of  the  problems  which  are  resolved 
In  planning  and  designing  an  engine  chamber. 
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Chapter  VIII 

THEORY  AND  DESIGN  OP  ATOMIZING  DEVICES  FOR 

Atomization  of  the  fuel  components  exerts  great  influence 
on  the  performance  of  ZMD,  since  the  volume  of  the  combustion  cham¬ 
ber,  its  specific  weight,  economy,  ruggedness,  and  operational 
dependability  depend  on  the  quality  of  the  atomization  function. 
Little  study  has  as  yet  been  devoted  to  fuel-atomlzatlon  prqcesses 
in  these  engines,  due  to  their  extreme  conqplexlty. 

Theoretical  investigations  of  the  mechanism  by  which  fuel 
components  are  atomized  in  the  working  engine  with  simultaneous  heat¬ 
ing,  vaporization,  intermixing,  and  partial  diffusive- turbulent  com¬ 
bustion  are  extremely  difficult.  Por  this  reason,  research  and  de¬ 
velopment  work  on  new  designs  and  executions  for  the  atomizing  heads 
of  chambers  is  carried  out  by  e^erlment  with  operational  engines  in 
each  specific  case. 

The  planning  and  calculations  for  chamber  atomizing  heads 
represent  an  extremely  in^^ortant  stage  in  the  creation  of  an  effec¬ 
tive  engine  design. 

The  present  chapter  is  devoted  to  consideration  of  existing 
methods  for  atomizing  fuel  components  in  ZhRD,  gives  an  account  of 
speclflcatlontf  set  forth  for  atomizing  devices,  and  analyzes  the 
factors  that  influence  the  quality  of  the  atomizing  function.  This 
Includes  a  brief  list  of  prerequisites  for  design  of  atomizing  en- 
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glne-charaber  heads  and  information  pertaining  to  the  selection  of  the 
optimum  design  parameters. 

SECTION  1.  SPECIFICATIONS  SET  FORTH  FOR  ATOMIZING  DEVICE  OF  Zhgg 

For  effective  combustion  of  a  liquid  fuel,  provision  must  be 
made  for  its  complete  vaporization  within  a  specified  time  interval 
and  in  the  proper  position  in  the  engine's  combustion  chamber.  For 
this  purpose,  the  entire  mass  of  fuel  fed  into  the  combustion  chamber 
must  have  the  highest  possible  surface  area  at  the  correct  Instant 
of  time.  A  considerable  increase  in  the  surface  area  of  a  component 
can  be  obtained  by  atomizing  it  into  extremely  fine  particles.  For 
this  reason,  the  atomizing  device  of  a  ZhRD  must  ensure  that  liquid 
fuel  components  fed  into  the  combustion  chamber  at  a  definite  pres¬ 
sure  and  in  the  appropriate  quantities  will  be  broken  up  into  ex- 
tranely  fine  droplets  and  that  they  will  mix  with  one  smother  rapidly 
and  thoroughly.  The  proficiency  with  which  these  processes  are  rea¬ 
lized  determines  to  a  significant  degree  the  rate  and  completeness 
of  combustion  of  the  fuel  mixture  formed,  the  volume  required  for  the 
combustion  chamber,  its  dimensions,  specific  weight,  operational 
stability,  and  other  characteristics.  The  more  perfect  the  mixture 
formation,  the  more  economical,  stable,  and  dependable  will  be  the 
performance  of  the  engine. 

llie  atomization  process  for  liquid  fuel  components  depends 
on  their  physical  properties,  the  type  and  design  of  the  spray  nozzles, 
their  operating  regimes,  and  other  factors. 

The  engine's  spray  nozzles  break  up  the  fuel  conqponent  into 
billions  of  drops  having  a  [total]  surface  area  reckoned  in  tens  of 
square  meters. 

If,  for  example,  one  liter  of  liquid  has  a  diameter  of  about 
0.124  m  and  an  area  of  about  0.0483  m  before  delivery  into  the  com- 
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bustion  chamber,  its  total  surface  area  will  be  Increased  by  a  factor 
of  nearly  1240  on  atomization  into  droplets  lOOp,  (10“^  m)  in  dia- 
meter  and  will  come  to  about  6o  m  . 

The  present  state  of  mixture  theory  and  the  theory  of  fuel 
combustion  In  ZhRD  does  not  yet  enable  us  to  carry  out  exact  calcula¬ 
tions  for  these  processes.  For  this  reason,  it  is  necessary  in  de¬ 
signing  engine- chamber  heads  to  proceed  from  the  necessity  of  satisfy¬ 
ing  certain  basic  mixture-formation  specifications,  making  use  of 
the  results  of  research  and  operational  experience. 

The  atomizing  device  (chamber  head)  of  a  ghRD  must  meet  the 
following  specifications. 

1.  The  fuel  components  must  be  broken  up  into  sufficiently 
fine  and  uniform  droplets,  since  the  quality  of  the  mixing  function 
and  the  uniformity  and  rate  of  fuel  combustion  depend  on  the  fineness 
of  the  atomizing  function. 

In  normal  ZhRD  designs,  the  fineness  to  which  the  fuel  com¬ 
ponents  are  atomized  depends  on  the  type,  design,  and  throughput 
capacity  of  the  spray  nozzles,  their  geometrical  characteristics, 
the  pressure  gradient  in  the  spray  nozzles,  and  other  factors. 

The  fineness  to  which  the  fuel  components  are  atomized  is  a 
qualitative  criterion  of  mixture  formation  and  is  characterized  by 
the  weight-averaged  diameter  of  the  droplets  formed.  The  smaller 
the  average  droplet  diameter,  the  better  is  the  atomization  and  the 
more  complete  will  be  combustion  of  the  fuel. 

The  uniformity  of  atomization  is  characterized  by  the  varia¬ 
tion  in  the  droplet  diameters  in  the  spray  of  atomized  fuel  component. 
The  narrower  the  range  over  which  tl^e  diameters  of  the  atomized  fuel- 
component  droplets  are  scattered,  the  greater  is  the  atomization 
uniformity. 
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The  so-called  median  droplet  diameter  dj^>^  !•«.,  the  figure 
corresponding  to  the  diameter  of  half  the  total  mass  of  all  the  drop¬ 
lets,  is  frequently  introduced  as  a  characteristic  of  the  fineness 
to  which  fuel  components  are  atomized. 

This  means  that  in  the  en¬ 
tire  mass  of  droplets,  half  the  weight 
will  have  di8uneters  greater  than  d^, 
while  half  will  have  diameters  smaller 

than  d  ,  so  that  G.  =0.5. 

m  d„ 

m 

Sometimes  the  fineness  of 
atomization  of  the  fuel  components  is 
characterized  by  the  so-called  aver¬ 
age  droplet  diameter,  which  implies 
the  diameter  that  the  drops  would  have  if  they  were  all  of  the  same 
size,  l.e.,  if  their  total  surface  area  and  total  volume  were  the 
same  as  in  a  spray  consisting  of  droplets  of  different  sizes. 

For  a  given  fuel-nozzle  design,  the  droplet  diameter  depends 
on  the  nozzle  dleuneter,  the  injection  rate  of  the  liquid,  its  viscos¬ 
ity,  density,  emd  surface  tension,  and  the  density  of  the  gaseous 
medium  into  which  it  is  injected. 

Figure  8.1  shows  a  diameter  distribution  curve  for  these 
droplets,  with  the  droplet  .diameter  plotted  against  the  axis  of 

abscissas  and  the  relative  weight  fraction  of  drops  of  diameter  g^/Q 
[%],  where  G  is  the  total  weight  of  all  the  droplets  and  g^^  is  the 
weight  of  droplets  of  a  specified  diameter,  plotted  against  the  axis 
of  ordinates. 

In  conteinporary  ZhKD,  the  atomized  fuel- component  droplets 

M  “  ‘^m  “  ^mediannyy  **  ^median*  ^ 

**[dK=  djj  “  ^Icapelya  “  ^droplet 


Fig.  8.1.  Weight-distribution 
curve  of  droplets  in  atomized 
fluid,  plotted  against  their 
diameters  (the  area  under  the 
curve  corresponds  to  lOOj^) . 
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have  diameters  of  about  25-250  y,.  This  means  that  1  om^  of  the  fluid 
to  be  atomized  is  broken  up  into  approximately  6*10^  droplets.  In 
nitric-acid  engines,  the  weight- averaged  droplet  diameters  of  kero¬ 
sene  occur  in  the  range  from  120  to  150  p,. 

A  fuel  consisting  of  extremely  large  drops  will  be  late  in 
completing  mixture  formation  and,  consequently,  in  coinpletlng  the 
process  of  diffusive- turbulent  combustion.  When  the  spray  is  too 
coarse,  as  may  happen  as  a  result  of  Improper  execution  of  the  atom¬ 
izing  device  or  when  the  engine  thrust  is  regulated  by  varying  the 
pressure  gradient  for  the  fuel  components,  the  result  may  be  a  sharp 
drop  in  the  efficiency  of  the  combustion  process  and  unstable  opera¬ 
tion. 

As  will  be  shown  below,  however,  breaking  the  fuel  conqponents 
up  into  a  fine  spray  is  not  in  Itself  the  only  way  to  improve  the 
quality  of  the  cycle  in  the  engine's  combustion  chamber.  The  mixing 
system  must  ensure  not  only  fine  atomization  and  thorough  mixing  of 
the  fuel  components,  but  also  an  ’’organized"  supply  of  heat  for  pre¬ 
heating,  vaporizing,  and  igniting  them. 

2.  The  concentration  of  the  atomized  fuel  components  must  be 
uniform  over  the  cross  section  of  the  combustion  chamber,  since  other¬ 
wise  their  combustion  will  not  go  to  completion. 

A  coarselymlxed  fuel  mixture  is  usually  produced  at  the  head 
of  the  combustion  chamber,  and  this  undergoes  further  mixing  as  it 
moves  down  the  chamber  and  becomes  more  uniform.  Preheating  and  evapo¬ 
ration  of  the  atomized  components  and  combustion  of  the  resulting 
fuel  mixture  take  place  concurrently  with  this  process. 

The  completion  time  of  the  fuel-combustion  process  is  deter¬ 
mined  chiefly  by  the  speed  at  which  the  fuel  conqponents  are  mixed. 

All  other  conditions  the  same,  mixing  will  take  place  more  rapidly 
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with  finer  gaseous  fuel- component  sprays  and  high  relative  rates  of 
movement  of  these  conqponents.  In  the  last  analysis,  the  completeness 
of  combustion  of  the  fuel  will  be  determined  by  the  ratio  of  the 
residence  time  of  the  working  fluid  in  the  combustion  chamber  to  the 
time  required  to  conplete  the  fuel- combust ion  process. 

Local  deviations  of  the  fuel-mixture  ratio  in  the  combustion 


chamber  from  the  theoretical  value  always  results  in  Inconqplete  com¬ 
bustion,  and,  consequently,  in  a  drop  in  the  engine’s  specific  thrust. 

It  has  been  shown  that  initial  nonuniformity  of  the  fuel- 
component  composition  in  the  regions  of  the  spaces  between  the  spray 
nozzles  is  quickly  equalized  without  any  noticeable  loss  of  specific 
engine  thrust,  while  fuel-conposltlon  nonuniformities  on  a  scale 
larger  than  the  spray-nozzle  Interval  usually  do  not  have  time  to 
equalize  and  lower  the  significantly. 

To  protect  the  engine’s  chamber  liner  from  overheating,  the 
combustible  mixture  is  sometimes  Intentionally  enriched  near  the 
liner  surface  by  a  special  feed  system  which  injects  about  2-4^  of 
the  total  combust ion- chamber  consumption  of  combustible  through  peri¬ 
pheral  nozzles.  Here,  the  engine  head  ensures  constancy  of  the  excess 
oxidizer  ratio  the  middle  of  the  combustion  chamber  and  a 

lower  veLLue  at  the  surface  of  the  chamber  liner. 

P 

In  a  number  of  nitric- acid  engines  that  were  actually  built. 


Op  averages  0.6 

3.  The  flow  intensity  of  the  fuel  must  be  uniform  over  the 
cross  section  of  the  combustion  chamber,  since  the  combustion  proc¬ 
ess  will  be  incomplete  where  the  fuel  flow  is  greater  than  the  cal¬ 


culated  value  and  the  combustion- chamber  volume  will  not  be  utilized 


*1  a  =  o  m  a  ^  «a  .1 
'•  H  ya  yadro  core  •' 
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fully  where  this  flow  rate  is  lower  than  that  specified. 

The  uniformity  of  fuel-flow  rate  over  the  cross  section  of 
the  combustion  chamber  Is  a  quantitative  criterion  of  fuel-conqponent 
atomization.  This  criterion  Influences  the  selection  of  the  shape  of 
the  engine's  chamber. 

4.  The  zone  of  fuel-mixture  formation  should  extend  down  the 
shortest  possible  length  of  the  combustion  chamber,  since  otherwise 
a  relatively  large  combust Ion- chamber  volume  would  be  required,  and 
this  might  Increase  its  dimensions  and  specific  weight. 

The  conqponent-atomlzatlon  zone  is  located  near  the  chamber 
head,  determined  by  the  type  and  design  of  the  spray  nozzles,  and 
characterized  by  the  distance  from  the  chamber  head  to  the  point  at 
which  droplets  of  the  weight-averaged  diameter  enter  the  gaseous 
medium.  This  zone  Is  longer  with  ordinary  spray  nozzles  than  for 
centrifugal  nozzles. 

The  shape  of  the  spray  Is  governed  basically  by  tl>e  des/.gn 
of  the  chamber's  atomizing  head  and  by  the  range  of  the  atomlzed- 
fuel  Jet. 

5.  The  final  atomizing  spray  of  the  fuel  conyonents  must  be 
symmetrical  with  respect  to  the  combustion- chamber  axis,  since  if 
the  spray  of  burning  fuel  strikes  the  surface  of  the  chamber  liner 
and  bums  there.  It  may  overheat  and  bum  It.  The  Jet  of  oxidizer 
must  not  strike  the  surface  of  the  chamber  liner,  since  this  will 
cause  rapid  bumthrough  as  a  result  of  oxidation  of  the  metal.  The 
spray  nozzles  must  be  arranged  in  the  head  In  such  a  way  that  the 
resultant  fuel-stream  direction  will  be  parallel  to  the  chamber  axis 
after  all  of  the  Jets  have  met.  This  requirement  applies  particularly 
to  spray  nozzles  having  Intersecting  Jets. 

The  problem  of  the  designer  Is  to  distribute  the  nozzles  on 
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the  chamber  head  In  such  a  way  that  no  great  amount  of  oxidizer  will 
strike  the  walls  and  the  fuel  components  will  be  distributed  uni¬ 
formly  over  the  combustion- chamber  cross  section. 


The  amounts  of  the  fuel  components  striking  the  chamber- liner 
surface  on  atomization  by  the  nozzles  can  be  reduced  by  appropriate 
aiming  of  the  nozzles,  using  nozzles  with  angled  faces,*  etc. 

6.  The  pressure  gradients  of  the  fuel  coniponentB  in  the  spray 
nozzles  must  be  optimum  both  from  the  standpoint  of  physical  complete¬ 
ness  of  the  fuel's  combustion  and  from  the  viewpoint  of  the  specific 
weight  of  the  engine's  fuel-supply  system.  When  the  pressure  gradient 
of  the  liquid  being  atomized  in  the  spray  nozzles  Is  lowered,  the 
feed  pressTire  of  the  fuel  Into  the  combustion  chamber  and,  conse¬ 
quently,  the  capacity  and  weight  of  the  fuel-supply  system  are  also 
reduced;  then,  however,  the  mixture-formation  and  fuel- combust Ion 
processes  deteriorate.  The  opposite  Is  the  case  when  the  pressure 
gradient  In  the  spray  nozzles  is  raised. 

Meeting  this  specification  often  Involves  great  difficulty 
In,  practice,  and  for  this  reason  the  fuel- component  nozzle  pressure 
gradient  Is  usually  specified  on  the  basis  of  statistical  data  for 
designing  ZhRD. 

7.  The  engine's  atomizing  system  must  be  simple  In  design  and 
cheap  to  manufacture  and  must  not  be  sensitive  to  changes  In  the  en¬ 
gine’s  operating  regime  or  to  the  vibrations  that  may  arise.  Addi¬ 
tional  requirements  are  set  forth  for  atomizing  devices  to  be  used 

In  engines  with  controllable  thrust. 

Experiments  have  shown  that  nozzle  pressure  gradients  smaller 

p 

than  2  kg/cm  ,  such  as  prevail  with  small  numbers  of  nozzles,  result 

In  unsatisfactory  atomization  of  the  fuel  components  and,  conse- 

quently.  In  unstable  performance  from  the  engine. 

▼Translator's  note:  literally,  "with  cutoff  at  angle."] 
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If  the  pressure  gradient  of  the  fuel  components  In  the  nozzles 

O 

is  assumed  equal  to  2-3  kg/cm  for  operation  of  the  engine  at  mini¬ 
mum  power,  the  spray-nozzle  pressure  gradient  In  the  maximum- thrust 
regime  will  be  found  to  be  much  higher  (perhaps  5-10  times  that  for 
the  minimum- thrust  regime),  and  this  Is  highly  unfavorable  because 
of  the  relatively  great  weight  of  the  fuel- supply  system.  For  this 
reason,  regulation  of  engine  thrust  by  varying  the  fuel-coi^ponent 
nozzle  pressure  gradients  can  be  Justified  only  In  a  narrow  range. 

All  of  the  specifications  enumerated  above  for  ZhRD  atomiz¬ 
ing  devices  can  be  met  by  proper  pleuinlng  and  design  of  the  engine 
chamber  head,  l.e.,  by  appropriate  selection  of  Its  shape,  the  type 
of  nozzles,  their  parameters  and  number,  their  arrangement  In  the 
head,  etc. 

In  practical  solution  of  this  problem,  the  designer  must  be 
thoroughly  familiar  with  the  mixture- formation  and  combustion  proc¬ 
esses  of  various  fuels  In  the  chamber  and  make  correct  allowances  for 
various  factors  Influencing  the  course  of  these  processes.  Only  If 
this  Is  done  will  It  be  possible  to  design  a  highly  efficient  atomiz¬ 
ing  device  for  the  engine. 

A  proper  fuel-coniponent  atomizing  setup  In  the  ZhRD  makes  It 
possible  to  reduce  combustion-chamber  displacement,  dimensions,  and 
specific  weight  and  to  Increase  the  dependability,  safety  margin, 
economy,  and  stability  of  the  engine’s  performance.  A  high-quality 
mixture- forming  function  also  ameliorates  the  conditions  under  which 
the  fuel  Is  Ignited  when  the  engine  Is  started  and  reduces  the  number 
of  malfunctions. 

SECTION  2.  METHODS  OP  ATOMIZING  FUEL  COMPONENTS  IN  ZhRD 

The  atomizing  technique  depends  on  the  design  of  the  atomlz- 
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Ing  device  (chamber  head).  The  following  basic  fuel- component  atomiz¬ 
ing  methods  are  used  in  contenqporary  ZhRD. 

1.  Jet  atomization,  l.e.,  atomization  through  small  holes 
1-2.5  nm  in  diameter  that  are  drilled  either  directly  in  the  engine 
chamber  head  in  such  a  way  that  the  Jets  of  combustible  and  oxidizer 
collide  and  break  up  into  fine  droplets,  or  in  special  spray  nozzles 
Installed  in  the  chamber  head. 

This  atomization  method  is  used  in  low-  and  medium- thrust 
engines  because  it  is  simple,  mixes  satisfactorily,  and  distributes 
the  fuel  conponents  uniformly  over  the  cross  section  of  the  combus¬ 
tion  chamber.  It  can  be  used  for  atomization  of  various  types  of  fuels. 

2.  Centpifugal  atomization,  i.e.,  atomization  by  centrifugal 
spray  nozzles  (Pig.  8.2). 


Fig.  8.2.  Schematic  diagrams  of  centrifugal  nozzle  with 
vanes  (left)  and  tangential  nozzle  (right).  1)  Swlrler; 

2)  liquid  input;  3)  section  through  I-I. 

This  method  of  atomization  is  obviously  the  best,  and  for 
this  reason  it  is  given  preference  in  nitric-acid  and  other  types  of 
engines.  The  nozzles  are  set  in  the  chamber  head  in  such  a  way  as  to 
ensure  the  best  possible  mixing  of  the  combustible  and  oxidizer;  the 
number  of  spray  nozzles  is  increased  for  the  same  purpose. 

3.  Prechamber  atomization,  i.e.,  fuel- component  atomization 
partly  through  the  usual  holes  in  the  prechamber  walls  of  the  engine 
chamber  and  partly  through  special  spray  and  centrifugal  nozzles 
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screwed  into  the  walls  of  these  same  prechambers  (in  the  same  way  as 
In  the  A-4  engine) .  The  combustible  and  oxidizer  are  mixed  by  dif¬ 
fusion  and  turbulence  before  entering  the  combustion  chamber.  This 
atomization  method  is  quite  effective,  but  it  is  a  relatively  com¬ 
plex  matter  to  set  it  up. 

4.  Combinations  of  centrifugal  and  Jet  atomization. 

None  of  the  presently  existent  atomizing  methods  applied  to 
fuel  conQ)onents  in  ZhRD  can  be  regarded  as  perfect  and  successfully 
applicable  in  all  cases.  The  atomizing  method  must  be  selected  in 
each  specific  case  with  consideration  of  a  number  of  specific  con¬ 
ditions. 

The  following  factors  may  influence  the  selection  of  one  or 
another  atomization  method  and  engine- chamber  atomizing- head  design: 

1)  the  properties  of  the  fuel  components; 

2)  the  absolute  thrust,  burning  time,  and  operating  program 
of  the  engine; 

3)  the  combust ion- chamber  gas  pressure; 

4)  the  production  process  used  to  make  the  atomizing  head  of 
the  chamber,  etc. 

The  atomizing  device  strongly  Influences  Intensification  of 
the  fuel- combustion  process,  operational  stability  and  efficiency, 
and  the  dimensions  and  specific  weight  of  the  engine !s  combustion 
chamber. 

An  efficiently  worked-out  design  for  a  chamber  atomizing  head 
is  characterized  by  the  following  criteria  during  operation  of  the 
engine: 

1)  the  absence  of  "banding"  or  localized  combustion  of  the 

fuel; 

2)  smooth  starting  and  stable  combustion  of  the  fuel  over  a 
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wide  range  of  combustion-chamber  pressure  (per-second  fuel  flow  rate) 
variation; 

3)  a  small  pressure  gradient  for  injection  of  the  fuel  com¬ 
ponents  Into  the  combustion  chamber  and  atomization  quality  Indepen¬ 
dent  of  this  factor; 

4)  low  specific  heat  flxixes  from  the  gases  to  th^  engine's 
combustion- chamber  liner; 

5)  a  high  degree  of  completeness  Of  fuel  combustion. 

In  practice,  these  indicators  can  be  achieved  only  provided 
that  the  rigorous  specifications  set  forth  for  the  engine's  atomiz¬ 
ing  device  are  met. 

SECTION  3.  TfPES  OP  FUEL  SPRAY  NOZZLES 

The  ZhRg's  fuel-spray  nozzles  are  extremely  important  units 
for  mixing  the  combustible  and  oxidizer  fed  into  the  combustion 
chamber.  The  quality  of  the  mixing  function  depends  to  a  major  de¬ 
gree  on  the  type  and  design  of  these  nozzles. 

In  the  majority  of  cases,  the  spray  nozzles  used  in  the  en¬ 
gines  have  no  special  device  for  regulating  the  fineness  of  the  spray, 
and  some  of  them  possess  generally  low  qualitative  characteristics. 

ZhRD  fuel-spray  nozzles  can  be  classified  on  the  basis  of 
the  following  characteristic  criteria. 

1.  By  the  nuniber  of  fuel  components  atomized  by  a  single 
spray  nozzle: 

a)  single- conponent  nozzles,  which  eu?e  designed  to  atomize 
a  single  fuel  conqponent,  and 

b)  two- component  nozzles,  which  are  designed  to  atomize 
two  fuel  components  simultaneously. 

2.  On  the  basis  of  the  nozzle's  operating  principle: 
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a)  Jet  nozzles,  which  supply  liquid  into  the  combustion  cham¬ 
ber  in  the  form  of  streams  directed  along  their  axes; 

b)  centi;^ifugal  nozzles,  in  which  a  fluid  moving  under  a  pres¬ 
sure  head  is  "swirled”  and  flows  into  the  combustion  chamber  in  the 
form  of  a  thin  and  easily  shattered  conical  film  as  a  result  of  the 
centrifugal  effect  thus  achieved; 

c)  centjj»ifugal-jet  nozzles  (mixed  type) .  Two- component  Jet 
nozzles  and  all  types  of  centrifugal  and  centrifugal- Jet  nozzles  are 
executed  physically  in  the  form  of  individual  units  that  can  be  4,n- 
stalled  in  holes  in  the  engine's  chamber  head. 


Pig.  8.3.  Schematic  diagrams  of  elements  in  Jet  atomiza¬ 
tion  of  fuel  component|i.  1)  Oxidizer;  2)  conibustlble. 

Injector  designs  are  classified  as  follows: 

1)  single- Jet  types,  which  are  calibrated  holes  in  the  chamber 
head  with  diameters  from  0.8  to  2.5  mm  where  the  fluid  enters  the 
combustion  chamber; 

2)  double- Jet  types,  which  are  designed  to  atomize  a  single 
given  fuel  component  into  two  impinging  Jets  (Fig.  8.3); 

3)  three-Jet  types^  which  are  designed  to  atomize  two  fuel 
components  in  a  single  central  Jet  of  combustible  and  two  lateral  Jets 
of  oxidizer,  all  situated  in  the  same  plane  and  Intersecting  at  one 
point  (see  Fig.  8.3); 

4)  four-  and  five- Jet  types,  which  are  designed  respectively 
to  atomize  two  fuel  components  into  a  single  central  Jet  of  combus- 
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tlble  or  four  Jets  of  oxidizer  located 
in  the  same  plane  and  Intersecting  at 
a  single  point  (see  P'g.  8.3); 

5)  slot-type  injectors j  which 
are  designed  for  simultaneous  atomi¬ 
zation  of  two  components  and  struc¬ 
turally  take  the  form  of  concentric 
slots  in  the  engine's  chamber  head. 
Centrifugal  nozzles  are 
classified  as  follows  on  the  basis  of  the  method  used  to  swirl  fluid 
in  them: 

a)  tangential  types >  in  which  the  liquid  enters  the  cavity 
of  the  injector  through  a  hole  whose  axis  is  perperdlcular  to  the 
axis  of  the  nozzle  but  does  not  Intersect  with  it,  so  that  the  liquid 
being  atomized  is  swirled  around  the  nozzle  axis  and  is  easier  to 
break  up  into  droplets  (see  Fig.  8.2); 

b)  worm- type  nozzles,  in  which  the  liquid  is  swirled  by  a 
special  swlrler  (worm  Insert)  which  has  spiral  channels  dut  into  its 
outer  surface  (Pig.  8.4). 

Figure  8.5  shows  prechamber  alcohol  injection  nozzles  of  the 
A-4  engine's  combustion  chamber. 

In  two-component  centrifugal  nozzles,  the  combustible  and 
oxidizer  are  mixed  at  the  nozzle  orifice  or  in  a  special  mixing  cham¬ 
ber  and  euTlve  in  the  combustion  chamber  in  the  form  of  an  emulsion. 
There  are  various  designs  for  nozzles  of  this  type,  but  their  operat¬ 
ing  principle  remains  the  seune. 

Jet  nozzles  are  characterized  by  design  sliiqpllclty  and  rela¬ 
tively  low  manufacturing  cost  coupled  with  inferior  fineness  of 
atomization.  Ihe  length  of  the  atomization  zone  is  also  greater  for 


Fig.  8.4.  Single- component 
centrifugal  worm  injector. 
1)  Body;  2)  vane  (swlrler); 
3)  injector  nozzle. 
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Flg>  8.5.  Prechamber  alcohol 
injector  nozzles  of  A-4  en¬ 
gine.  1)  0  —  diameter. 


these  nozzles,  and  this  Increases 
the  volume  and  specific  weight  re¬ 
quired  for  the  combustion  chamber. 

The  spray  angle  of  the  Jet- 
type  nozzle  Is  extremely  small  (5- 
10°;  see  Pig.  8.6),  and  the  zone  In 
which  the  decay  of  the  Jet  Into  drops 
terminates  Is  at  a  great  distance 
from  the  chamber  head.  This  angle  Is 
measured  from  the  face  of  the  Injec¬ 
tor's  nozzle  plate  and  characterizes 
the  shape  of  the  atomized- liquid 
spray.  The  size  of  this  angle  depends 
basically  on  the  ratio  of  the  orifice 
length  to  Its  diameter,  the  amount  of 
turbulence  set  up  In  the  expanding 


spray,  and  the  combustion- chamber  pressure. 

In  oiTder  to  shorten  the  atomization  zone  and  obtain  finer 


atomization  and  uniform  distribution  of  the  fuel  components  over  the 
cross  section  of  the  combustion  chamber.  Jet  nozzles  are  usually 
located  In  such  a  way  that  the  Jets  of  atomized  liquids  will  Inqplnge. 
Moving  the  points  of  Implngment  of  the  Jets  closer  to  the  head  makes 
It  possible  to  utilize  the  combustion- chamber  volume  most  fully  and 
set  up  more  stable  combustion  for  the  fuel  mixture  formed  as  a  re¬ 
sult  of  the  minimized  nonreacting  gaseous  dead  zones  near  the  chamber 
head  and  the  superior  mixture  formation  obtained  when  this  Is  done. 

The  angles  that  determine  the  direction  of  the  fuel-conqponent 
spray  Injection  from  single- Jet  nozzles  must  be  selected  In  such  a 
way  that  the  resultant  momentum  vector  after  Impingement  ofthe  Jets 
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Fig.  8.6.  Schematic  plots  of  flow  rates  versus 
cross  section  of  atodilzatlon  sprays  from  Jet 
centrifugal  Injector  nozzles.* 

will  have  an  axial  direction,  l.e.,  will  run  parallel  to  the  englne- 
chamiber  axis. 

If  the  Impingement  angle  of  the  Jets  Is  Increased,  the  aver> 
age  drop  diameter  diminishes  as  a  result  of  the  Increased  relative 
velocities  of  the  Jets  at  the  point  of  Impingement.  This  contributes 
to  more  uniform  distribution  of  the  fuel  over  the  spray  cross  sec¬ 
tion.  The  uniformity  of  the  mixed  liquids  Is  Improved  simultaneously. 

Angles  of  80  to  100^  should  be  regarded  as  optimal  for  the 
Inqplngement  of  Jets  created  by  Jet  nozzles,  since  with  larger  angles 
much  of  the  atomized  liquid  Is  thrown  off  toward  the  sides  of  the 
head,  so  that  mixing  deteriorates,  while  smaller  Jet- Impingement 
angles  (60°  and  less)  give  rise  to  distinct  flow-rate  nonuniformity 
In  the  core  of  the  spray  and  elongate  the  combustion  chamber  because 
of  the  enlarged  coiqponent-mlxlng  zone. 

Centrifugal  nozzles  have  relatively  large  liquid-spray  angles 
(about  70-120°)  with  short  spray  lengths,  and  give  finer  atomization 
than  Jet  nozzles;  however,  they  are  more  difficult  to  manuf actxire . 
Basically,  the  shape  of  the  spray  produced  by  these  nozzles  depends 
on  the  amount  of  swirl  Imparted  to  the  atomized  liquid  in  them. 

Subscript  $  >  f  a  forsunka  »  nozzle.  Injector.] 
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Fig.  8.7.  Schematic  diagrams  of  two- component  centrlf-  < 
ugal  nozzles. .1)  Oxidizer  Input;  2)  combustible  Input; 

3)  section  through  I-I:  4)  Inner  nozzle:  5)  outer  noz¬ 
zle;  6)  rear  nozzle;  7)  front  nozzle;  8)  nozzle  with 
external  mixing  of  liquids;  9)  nozzle  with  Internal 
mixing  of  liquids  (emulsion  nozzle). 

In  a  centrifugal  nozzle,  the  liquid  arrives  in  the  swirl 
chamber  through  tangential  channels  the  axes  of  vrtilch  are  offset 
with  respect  to  the  orifice  axis  (see  Pig.  8.2).  The  liquid  Is  set 
In  rapid  rotary  motion  In  the  swirl  chamber  and  proceeds  thence  Into 
the  nozzle  orifice. 

On  emerging  from  the  Injector  orifice,  the  thin  film  of 
liquid,  vriilch  is  no  longer  being  acted  upon  by  centripetal  forces. 

Is  broken  up  Into  drops  that  disperse  along  rectilinear  trajectories 
to  form  the  spray  cone.  The  spray  angle  and  flow  rate  of  a  centrlf- 
xigal  nozzle  are  determined  by  the  law  of  conservation  of  the  momentum 
of  the  liquid  particles  about  the  nozzle  axis.  These  parameters  can 
be  manipulated  by  appropriate  selection  of  the  relationships  between 
the  dimensions  of  the  nozzle  plate,  the  swirl  chamber,  and  the  entry 
channels . 

At  the  present  time,  single- component  centrifugal  nozzles  are 
used  most  extensively  In  engines  because  of  their  dependable  perform¬ 
ance  and  adequate  atomizing  effectiveness.  In  addition,  the  atomiza¬ 
tion  angle  can  be  varied  over  a  wide  range  In  these  nozzles  to  achieve 
the  most  uniform  possible  distribution  of  fuel  ccanponents  over  the 
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cross  section  of  the  combustion  chamber. 

Two-coii5)onent  centrifugal  nozzles  are  classified  Into  two 
types  In  accordance  with  the  fuel- component  mixing  method  used: 

1)  those  with  the  fuel  components  mixed  outside  the  nozzle 
(Pig.  8.7a); 

2)  those  with  the  fuel  components  mixed  Inside  the  nozzle  In 
a  special  mixing  chamber  (emulsion  nozzles)  (Pig.  8.7b). 

There  are  also  two-con5>onent  nozzle  designs  In  which  the 
fuel  con5)onents  are  mixed  In  the  orifice  of  the  nozzle. 

Nozzles  of  the  former  type  are  made  coaxial,  with  one  Inside 
the  other.  The  mouthpiece  of  the  Inner  nozzle  Is  Inscribed,  with 
clearance.  Into  the  swirl  chamber  of  the  outer  nozzle.  To  ensure 
good  mixing  of  the  fuel  con^onents,  the  spray  angle  of  the  Inner 
nozzle  (2a)  must  be  larger  than  the  spray  angle  of  the  outside  noz¬ 
zle  (aa') . 

Nozzles  of  the  second  type  consist  of  two  nozzles  arranged 
In  tandem.  The  rear  nozzle  is  used  for  the  oxidizer  and  is  designed 
In  the  usual . manner . 

The  dimensions  of  the  atomizing  part  of  the  two- component 
Injector  must  be  matched  in  such  a  way  as  to  ensure  safety  In  firing 
It  even  when  one  of  the  fuel  components  enters  the  swirl  chamber  be¬ 
fore  the  other. 

It  is  necessary  to  exclude  the  possibility  of  penetration  of 
one  of  the  fuel  conqponents  into  the  other's  chamber  In  order  to  avoid 
bursting  a  two-component  Injector;  for  this  purpose, 

1)  the  spray  angle  of  the  rear  nozzle  must  be  selected  In 
such  a  way  that  the  Inlet  holes  of  the  front  Injector  are  outside  the 
impact  cavity  of  the  spray  cone  on  the  wall  of  the  rear  [sic]  In¬ 
jector; 


-  503  - 


2)  the  diameter  of  the  front-nozzle  gas  swirl  must  be  greater 
than  the  diameter  of  the  rear- injector  orifice. 

The  moment  of  momentum  in  the  front  nozzle  propagates  through 
the  entire  mass  of  mixed  and  atomized  liquid. 

Use  of  two- component  emulsion-type  centrifugal  nozzles  con¬ 
siderably  improves  mixture  formation  and  compresses  the  atomization 
zone,  since  they  ensure  mixing  of  the  fuel  components  in  the  speci¬ 
fied  weight  proportions  before  they  are  fed  into  the  combustion 
chamber.  Moreover,  a  fuel  emulsion  possesses  lower  viscosity  and  sur¬ 
face  tension  and  can  therefore  be  shattered  easily  to  extremely  fine 
droplets . 

The  use  of  emulsion  atomization  of  fuel  components  in  ZhRD 
confers  the  following  advantages; 

a)  the  combustion-chairiber  length  is  reduced  as  a  result  of 
the  shorter  atomization  zone; 

b)  nearly  complete  combustion  of  the  fuel  is  achieved  with 
relatively  small  combustion-chamber  volumes,  and,  consequently,  with 
small  cheunber  specific  weights; 

c)  a  smaller  number  of  injector  nozzles  is  required; 

d)  it  is  no  longer  necessary  to  have  a  large  fuel- component 
pressure  gradient  in  the  nozzles,  a  fact  of  essential  Importance 

for  high-thrust  single-shot  engines,  where  the  problems  of  simplicity 
and  low-cost  design  are  of  decisive  Importance. 

When  nozzles  of  this  type  are  used,  it  is  somewhat  more  dif¬ 
ficult  to  use  the  combustible  to  protect  the  cnamber  liner  from 
overheating  by  the  burning  gases.  In  this  case,  the  liner  must  be 
protected  by  setting  peripheral  single- component  Jet-type  or  centrif¬ 
ugal  nozzles  into  the  chamber  head. 

In  all  types  of  nozzles,  the  surfaces  that  come  into  contact 
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with  the  moving  liquid  must  be  smoothly  machined.  Jet  nozzles  must 
have  precision-cut  angles  to  direct  the  axis  of  the  nozzle  relative 
to  the  engine- chamber  axis.  Inferior  nozzle  quality  has  a  particularly 
strong  detrimental  effect  on  the  quality  of  the  atomizing  function 
when  the  engine's  operating  regime  drops  below  the  nominal  level. 

All  types  of  fuel  Injectors  are  characterized  by  the  follow¬ 
ing  hydraulic  parameters: 

1)  per- second  flow  rate; 

2)  the  fluid  pressure  gradient  In  the  nozzles; 

3)  the  spray  angle  of  the  atomized  fluid,  which  is  measured 
at  the  tip  of  the  nozzle  (root  angle  of  the  spray) ; 

4)  the  fineness  of  the  spray  and  the  uniformity  with  which 
the  fluid  la  distributed  about  Its  axis  and  across  Its  radius; 

5)  the  flow-rate  factor,  which  appears  in  the  flow-rate 
equation. 

The  output  through  Individual 
single- component  centrifugal  ZhRD 
nozzles  In  cylindrical  combustion 
chambers  with  flat  heads  Is  about 
20-80  g/sec  of  combustible  and  50- 
200  g/sec  of  oxidizer,  and  the  nozzle 
pressure  gradient  Is  of  the  order  of 
3.5-12  kg/cm^. 

The  hydraulic  parameters  of 
nozzles  and  chamber  atomizing  heads 
are  determined  by  testing  them  cold  by  pouring  water  through  them. 

The  performance  of  the  engine  chamber  Is  evaluated  on  an  operating 
engine . 

The  quantities  determined  In  water  testing  of  the  nozzles 


Pig.  8.8.  Calibrating  curves 
of  engine- chamber  head  with 
85  single- component  centrif¬ 
ugal  nozzles  (31  for  kero- 
sine  and  54  for  nitric  acid) . 
1)  APf.  Wcm2;  2)  Oj., 

kg/sec . 
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are  their  throughputs  as  a  function  of  the  pressure  gradient  of  the 
atomizing  fluid  inside  them,  the  atomization  spectrum,  the  fineness 
and  angle  of  the  spray,  and  the  flow  rate  over  the  cross  section  of 
the  spray  cone. 

The  variation  of  nozzle  throughput  as  a  function  of  the  pres¬ 
sure  gradient  of  the  fluid  to  be  atomized  inside  them  is  expressed 
by  a  parabolic  curve  (Fig.  8.8). 

The  spray  fineness  achieved  with  a  given  component  can  be 
determined  with  sufficient  accuracy  by  photography,  which  is  an 
applicable  method  both  for  the  use  of  a  single  nozzle  and  with  simul¬ 
taneous  operation  of  two  or  more  nozzles. 

The  engine  ch2imber  heads  are  subjected  to  hydraulic  testing 
to  study  the  relationship  between  the  nozzle  spray  cone  and  the  uni¬ 
formity  of  distribution  of  the  component  proportions  and  their  flow 
rates  over  the  cross  section  of  the  chamber. 

The  larger  the  number  of  nozzles  set  into  the  engine  chamber 
head,  the  better  will  be  the  fuel- component  atomization  that  they 
provide.  For  this  reason,  there  may  be  as  many  as  several  hundred 
nozzles  in  medium-  and  high-thrust  engines. 

In  practice,  the  number  of  engine  spray  noazles  is  limited 
by  design  and  other  considerations.  Including  the  necessity  of  having 
a  sufficiently  large  flow  section  for  each  nozzle.  With  small  flow 
sections,  the  nozzles  are  easily  fouled  by  any  mechanical  impurities 
that  may  accidentally  have  gotten  into  the  fluid  to  be  atomized  or 
formed  in  it  as  a  result  of  its  physical  and  chemical  instabilities. 

Various  types  of  materials,  ranging  from  low-  and  high-alloy 
steels  to  bronze  and  brass,  are  used  to  make  fuel  nozzles  in  the 
form  of  individual  units. 

The  selection  of  a  material  for  the  nozzles  is  governed  by 
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the  type  and  state  of  the  fuel  components  to  be  atomized,  the  dura¬ 
tion  and  conditions  of  the  engine's  operation,  the  number  of  times 
it  Is  started,  strength  specifications,  and  other  factors. 

In  the  event  that  chemically  active  fuel  components  (e.g., 
nitric  acid,  liquid  fluorine,  etc.)  are  used,  the  inside  surface  of 
the  nozzles  must  possess  high  resistance  to  oxidation  and  corrosion. 
If  considerable  turbulence  is  Induced  in  the  hot  gases  in  the  engine 
chamber  head,  resulting  in  heating  of  the  nozzles  to  1300-l400°C  at 
various  points,  the  material  of  these  nozzles  must  also  possess  high 
strength.  Melting  of  the  nozzle  tips  and  impaired  nozzle  performance, 
with  the  possible  consequence  of  malfunctioning  of  the  engine,  are 
possible  at  high  temperatures. 

Dtiring  operation  of  the  engine,  the  nozzles  are  cooled  by 
the  stream  of  liquid  flowing  through  them  for  atomization.  The  tem¬ 
perature  of  this  liquid  before  it  enters  the  nozzles  may  be  either 
negative  (in  cases  where  liquefied  fuel  components  are  used),  or 
positive,  and,  in  cases  where  the  liquid  has  first  been  used  to  cool 
the  engine  chamber,  even  close  to  the  boiling  point  for  the  working 
pressure  in  question. 


SECTION  4.  FACTORS  EXERTING  QUALITATIVE  INFLUENCE  ON  ATOMIZATION  OF 
FUEL  COMPONENTS 

The  following  factors  Influence  the  quality  of  fuel- component 
atomization  in  ZhRg; 

1)  the  shape  of  the  combust! on- chamber  head; 

2)  the  type,  design,  number,  and  throughput  of  the  fuel 
spray  nozzles; 

3)  the  layout  of  the  spray  nozzles  in  the  chamber  head; 

4)  the  pressure  gradient  of  the  fuel  components  to  be  atom¬ 
ized  down  the  nozzles; 
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5)  the  properties  and  state  of  the  fuel  components  (vis¬ 
cosity,  surface  tension,  vapor  pressure,  temperature,  heat  of  evapora¬ 
tion,  heat  capacity,  etc.); 

6)  the  pressure,  temperature,  and  other  physical  properties 
of  the  gaseous  medium  In  the  combustion  chamber  and  the  nature  of  its 
motion; 

7)  the  shape  of  the  combustion  chamber  and  its  geometrical 
parameters; 

8)  the  stability  of  fuel- feed- system  performance; 

9)  the  engine's  operating  regime,  etc. 

The  shape  of  the  engine  head  exerts  a  strong  influence  on  the 
quality  of  fuel- component  atomization,  since  the  freedom  for  placing 
the  spray  nozzles  depends  on  it  to  a  major  degree. 

Basically,  the  engine  chamber  head  determines  the  distribu¬ 
tion  of  each  of  the  fuel  components  across  the  chamber  section,  the 
fineness  with  which  they  are  atomized  and  the  intimacy  with  which 
they  are  mixed  with  one  another;  It  also  determines  the  intensity  of 
the  gas  combustion  currents  that  transfer  heat  from  the  spray  cone 
to  preheat  and  evaporate  the  combustible  mixture.  A  flat  head  with 
evenly  distributed  nozzles  usually  ensures  uniform  initial  distribu¬ 
tion  of  the  fuel  con?)onents  over  the  chamber  cross  section. 

Nonuniform  distribution  of  the  fuel  components  over  the  com¬ 
bustion-chamber  section  and  concentration  of  these  components  in 
isolated  zones  usually  results  in  combustion  proceeding  nonunlformly 
throughout  the  available  volume,  and  basically  at  points  where  the 
infed  mixture  is  concentrated,  l.e.,  only  part  of  the  combustion- 
chamber  capacity  Is  used  for  combustion.  A  similar  phenomenon  may 
arise  In  cases  In  which  a  small  number  of  nozzles  Is  arrayed  across 
a  flat  chamber  head. 
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As  a  result,  the  rates  of  evaporation,  mixing,  and  combustion 
of  the  fuel  con?)onents  in  the  combustion- chamber  volume  are  nonuni¬ 
form.  As  a  result,  the  flame  front  observed  in  the  ZhRD  combustion 
chamber  is  not  solid  and  steady,  but  intermittent,  lashing  about  in 
its  volume;  for  this  reason,  the  most  intensive  fuel  burning  takes 
place  locally,  at  isolated  foci  in  which  the  composition  of  the  com¬ 
bustible  mixture  is  close  to  stoichiometric  and  ready  to  burn  at 
the  instant  in  question. 

Incidentally,  this  is  what  explains  the  continuous  pulsa¬ 
tions  that  can  be  observed  spectroscopically  in  a  ZhRD  flame  and 
determined  from  pressure  readings  taken  from  the  combustion  chamber, 
even  during  nonsteady  operation  of  the  engine. 

Consequently,  the  uniform  distribution  of  the  combustible 
mixture  over  the  combustion- chamber  section  that  is  obtained  when 
a  larfee  number  of  nozzles  are  evenly  distributed  across  a  flat  chanv- 
ber  head  results  in  better  utilization  of  combustion- chamber  volume 
and,  consequently,  more  complete  combustion.  Almost  complete  conver¬ 
sion  of  the  fuel’s  chemical  energy  into  heat  energy  takes  place  in  a 
relatively  small  part  of  the  chainber  volume  in  engines  in  actual 
operation  when  satisfactory  mixing  is  ensured.  Beyond  a  certain 
point,  increasing  the  combustion- cheunber  volume  does  not  appreciably 
iinprove  the  con5)leteness  of  fuel  combustion  or  the  engine's  specific 
thrust . 

Increasing  the  number  of  nozzles  to  a  certain  limit  at  the 
expense  of  reducing  their  throughput  capacity  results  in  finer  atomi¬ 
zation  and  more  uniform  distribution  of  the  fuel  coii5)onents  over  the 
combustlon-chaniber  cross  section  and,  consequently,  more  rapid 
evaporation  auid  mixing  of  the  fuel  components  and  more  rapid  combus¬ 
tion  of  the  fuel  mixture.  Here,  first  rises  sharply  and  then 
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shows  no  further  Increase  after  a  certain  limit  to  the  number  of 


nozzles  has  been  reached  (Fig.  8.9). 


( 


Pig.  8.9.  Influence  of  certain  factors  on  quality  of 
nozzle  performance  in  atomizing  fuel  components.  Typi¬ 
cal  change  in  average  diameter  dgj,*  of  kerosene  drop¬ 
lets  on  atomization  by  centrifugal  worm-type  spray 
nozzle  as  a  function  of  nozzle  pressure  gradient;  com¬ 
bustion  time  T  **  of  fuel  mixture  as  a  function  of 
sg 

the  diameter  1)  kg-sec/kg;  2)  d^^,  \i;  3) 

sec;  4)  Ap-,  atmospheres  absolute;  5)  number  of  nozzles; 
6)  k^cm2;  7)  d^,  mm;  8)  =  O.06  kg/sec,  etc.*** 


Perfect  initial  mixing  and  virtually  complete  combustion  of 
the  fuel  components  can  be  achieved,  Just  as  in  the  case  of  centrif¬ 
ugal  nozzles,  by  selecting  a  group  of  Jet  nozzles  with  sufficiently 
small  Jet  diameters  that  ensure  good  mixing  of  the  components.  When 
the  fuel  is  fed  through  single- component  centrifugal  nozzles,  the 
components  are  mixed  to  some  extent  in  the  gaseous  phase. 

It  is  advantageous  to  begin  mixing  the  fuel  components  even 
before  they  have  left  the  liquid  phase,  since  a  considerably  greater 
volume  is  required  to  mix  gases  than  liquids.  For  this  purpose,  it 
is  preferable  to  use  two-component  emulsion  nozzles,  which  ensure  al¬ 
most  perfect  initial  mixing  of  the  fuel  components  before  they  enter 
*1  Subscript;  cp  »  sr  »  srednyy  ■  average.] 

**[ Subscript :  cr  =  sg  »  sgoraniye  «  combustion.] 

**♦( Subscript;  $  =.  f  =  forsunka  »  nozzle,  injector.] 
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the  combustion  chamber.  Here,  excellent  atomization  Is  achieved  with 
a  small  number  of  nozzles  and  does  not  require  intensive  mixing  of 
the  atomized  conponents  in  the  combustion  chamber.  During  o’^eration 
of  the  engine,  the  nozzles  feed  combustible  and  oxidizer  into  the 
medium  coirposed  of  combustion  products  and  unburned  gases  that  is 
found  near  the  engine  chamber  head.  The  fuel- component  droplets  formed 
in  this  process  entrain  the  adjacent  layers  of  gases,  giving  rise  to 
convective  currents  of  the  gases  between  the  nozzles,  inside  the 
spray  cones  issuing  from  them,  and  at  the  chamber  walls;  these  cur¬ 
rents  are  the  basic  sources  of  the  heat  necessary  to  evaporate  and 
ignite  the  combustible  mixture. 

On  the  other  hand,  however,  these  convective  currents  dis¬ 
turb  the  gaseous  combustible  film  on  the  walls  of  chambers  having 
the  usual  configurations.  In  addition,  bands  may  form  at  the  chamber 
heads  of  such  engines  at  the  points  at  which  the  spray  cones  from 
the  fuel- component  nozzles  impinge;  these  bands  may  result  in  deto¬ 
nation  tinder  certain  conditions. 

Above  a  certain  number  of  smaller- capacity  nozzles,  the  con¬ 
centration  of  liquid  phase  at  the  chamber  head  increases  and  the 
intensity  of  the  convective  gas  currents  arising  in  the  combustion- 
chamber  head  drops  off.  The  amount  of  heat  transferred  by  these  cur¬ 
rents  from  the  focus  of  combustion  to  the  atomized  fuel  components 
diminishes.  As  a  result,  it  becomes  more  difficult  to  develop  com¬ 
bustion  because  the  time  required  for  the  fuel-priming  processes 
has  increased.  In  addition,  placonent  of  a  large  number  of  nozzles 
in  the  chamber  head  entails  a  great  deal  of  technological  conqpllca- 
tlon,  since  it  is  very  difficult  In  practice  to  drill  spray-nozzle 
holes  smaller  than  0.8  mm  in  diameter  (In  the  case  of  Jet  nozzles) 
or  to  arrange  centrifugal  and  multiple- Jet  nozzles  on  the  head  with 
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less  than  10-11  mm  between  them. 

With  a  smaller  number  of  high-throughput  nozzles,  the  fuel 
conrronents  are  atomized  coarsely  and  distributed  noniinlformly  over 
the  cross  section  of  the  combustion  chamber.  The  result  is  that  the 
fuel  does  not  burn  completely,  chamber  capacity  is  poorly  utilized, 
and  the  engine  may  even  operate  in  a  pulsating  regime. 

The  proficiency  of  the  mixing  function  depends  not  only  on 
the  parameters  and  design  characteristics  of  the  nozzles  and  their 
number,  but  also  on  the  layout  of  the  nozzles  in  the  head.  The  pro¬ 
portion  by  weight  of  oxidizer  to  combustible  and  the  manner  in  which 
this  proportion  is  distributed  over  the  combust ion- chamber  cross  sec¬ 
tion  strongly  influence  selection  of  the  nozzle-layout  pattern.  In 
the  event  that  excessive  heat  currents  arise  in  the  chamber,  its  head 
must  also  ensure  constancy  of  the  excess  oxidizer  ratio  in  the  center 
of  the  combustible  mixture  and  lower  values  of  this  ratio  at  the 
surface  of  the  combustion-chamber  liner.  The  arrangement  of  the  noz¬ 
zles  in  the  Chamber  head  also  depends  on  which  fuel  component  is  used 
to  cool  the  engine's  combustion  chamber  and  nozzle. 

As  the  fuel-con^onent  pressure  gradient  in  the  nozzles  is 
raised,  mixture  formation  ln5>roves  because  they  are  broken  up  into 
finer  droplets  (see  Pig.  8.9).  This  also  ln?)roves  the  stability  of 
the  engine's  performance.  The  rate  at  which  the  fuel  components  are 
sprayed  into  the  engine  chamber  depends  on  the  pressure  gradient  in 
the  nozzles.  The  higher  the  speed  at  which  the  fuel  con^ponents  are 
injected  into  the  gaseous  medium  and  the  higher  the  density  and  vis¬ 
cosity  of  this  medium,  the  more  finely  and  uniformly  will  they  be 
atomized.  But  the  component  feed  pressure  and  the  capacity  and  weight 
of  the  fuel-feed  system  also  increase  when  the  nozzle  pressure  gradient 
is  raised.  Under  certain  conditions,  this  may  result  in  zero  gain 
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from  Increasing  the  injection  speed. 

Moreover,  experiments  have  shovm  that  when  the  pressure 
gradient  in  the  nozzles  is  raised,  the  droplet  size  of  the  atomized 
fuel  components  first  increases  rapidly,  then  more  slowly,  and  then 
practically  not  at  all  in  the  region  of  high  gradients  (6  kg/cm  and 
higher) .  For  this  reason,'  there  exists  a  nozzle  pressure  gradient 
beyond  which  it  is  pointless  to  Increase  the  gradient  further.  This 
explains  the  efforts  on  the  part  of  ZhRD  designers  to  achieve  high- 
quality  fuel- component  atomization  at  minimal  nozzle  pressure  gra¬ 
dients  by  efficient  design  of  the  nozzles  and  the  engine’s  entire 
atomizing  system.  Mixture  formation  deteriorates  considerably  and 
the  operation  of  the  engine  becomes  more  unstable  with  small  nozzle 

p 

pressure  gradients  (smaller  than  2  to  3  kg/cm  ) . 

The  lower  the  viscosity  and  surface  tension  and  the  lower 
the  density  of  the  fuel  components  to  be  atomized,  the  finer  will  be 
the  atomization  and  the  more  perfect  the  mixing  function.  The  lower 
the  boiling  points  of  the  fuel  components,  the  smaller  their  heat 
capacities  and  the  higher  their  heat  yields,  the  easier  will  it  be 
to  vaporize,  mix,  and  burn  them  and  the  shorter  will  be  the  time  of 
residence  in  the  combustion  chamber;  this  will  make  it  possible  to 
use  smaller  chamber  volumes. 

The  density  of  the  gaseous  medium  strongly  Influences  the 
quedity  of  fuel- component  atomization.  Higher  chaniber  pressures  con¬ 
tribute  to  finer  atomization  of  the  fuel  components  (extremely  fine 
droplets),  and  this  inqproves  mixing,  accelerates  preheating,  vapori¬ 
zation,  and  combustion  of  these  components.  As  a  result,  fuel  com¬ 
bustion  is  more  complete  and  the  fuel  residence  time  in  the  com¬ 
bustion  chaniber  is  shorter. 

When  the  density  of  the  gaseous  medium  in  the  combustion 
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chamber  drops,  as  may  occur  when  the  engine's  operating  regime 
changes  and  when  small  pressure  gradients  prevail  in  the  nozzles 
(gradients  of  the  order  of  2-3  atmospheres),  the  component  droplets 
become  larger  and  the  processes  of  preheating,  vaporizing,  and  burn¬ 
ing  them  deteriorate. 

The  Jets  of  combustible  and  oxidizer  issuing  from  the  nozzles 
usually  In^lnge  with  one  another  in  the  engine's  combustion  chamber, 
are  retarded  by  the  gaseous  medltim,  and  subjected  to  a  number  of 
other  disturbances,  with  the  result  that  they  are  shattered  Ifibo 
droplets,  with  the  droplets  finer  for  higher  viscosities,  densities, 
and  turbulences  in  this  medium. 

Basically,  the  decay  of  the  Jets  issuing  from  the  nozzles  is 
governed  by  the  drag  of  the  medium  into  which  the  liquid  is  sprayed, 
together  with  initial  small  disturbances  on  the  surface  of  the  Jet, 
which  are  propagated  along  it  in  the  form  of  waves.  When  centrifugal 
nozzles  are  used,  these  disturbances  are  compounded  by  the  centrif¬ 
ugal  forces  which  appear  as  a  result  of  the  rotary  motion  of  the 
liquid  particles  about  the  axis  of  the  Jet. 

The  higher  the  pressure  and  viscosity  of  the  gases  in  the 
combustion  chamber,  the  more  finely  will  the  fuel  components  be 
atomized,  the  better  will  they  be  mixed,  preheated,  vaporized,  and 
burned,  and,  consequently,  the  higher  will  be  the  physical  complete¬ 
ness  of  the  fuel  combustion. 

The  reslstamce  to  the  movement  of  the  liquid  droplets  in  the 
gaseous  medium  will  be  higher  the  greater  the  ratio  of  the  droplet's 
volume  to  its  weight.  For  this  reason,  acceleration  and  deceleration 
of  the  droplets  in  the  gaseous  medium  will  occur  at  higher  rates  as 
the  droplets  become  smaller.  The  larger  droplets  "forge  ahead"  to 
greater  distances  from  the  nozzle.  The  fuel  charge  carried  by  the 
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lau?ger  droplets  is  delayed  in  completing  Its  mixture- format  ion  and 
combustion  process. 

If  the  nozzle  atomizes  the  fuel  In  the  direction  of  the  gas 
stream,  as  Is  the  case  in  the  majority  of  existing  engines,  the 
liquid  droplets  are  decelerated  (or  accelerated)  In  the  direction  of 
the  stream's  flow  In  accordance  with  the  magnitude  and  direction  of 
their  relative  velocity  in  the  stream.  Here,  the  finest  droplets  of 
liquid  are  decelerated  almost  Instantaneously  and  are  carried  along 
with  the  stream. 

If,  however,  atomization  takes  place  in  the  upstream  direc¬ 
tion,  the  fluid  droplets,  which  possess  a  certain  volume-to-welght 
ratio,  enter  the  stream,  are  first  decelerated  by  this  stream,  and 
then  move  In  the  reverse  direction  with  the  stream  of  gas.  The  path 
length  of  the  droplets  In  upstream  atomization  Is  approximately  30- 
355^  shorter  than  the  path  length  In  downstream  atomization. 

The  inherently  nonuniform  atomization  of  the  fuel  components 
by  the  nozzles  sets  up  an  uneven,  vibrating  Ignition  and  combustion 
front  In  the  combustion  chamber,  and  this  gives  the  Impression  of  a 
stable  spatial  distribution  of  successive  zones  In  the  seat  of  com¬ 
bustion. 

The  turbulence  set  up  In  the  gas  flow  In  the  combustion 
chamber  by  the  design  of  the  engine  chamber's  atomizing  head  also 
Influences  the  quality  of  the  Initial  and  subsequent  mixing  of  the 
fuel  components.  As  a  result  of  this  turbulence,  the  processes  of 
vaporization  and  mixing  of  the  fuel  components  proceed  with  high 
Intensity  In  the  Initial  zone  near  the  combustion  chamber  [sic].  In 
both  the  liquid  and  gaseous  phases.  This  Is  also  assisted  by  the 
convective  gas  currents  carrying  heat  Into  this  region  from  the 
focus  of  combustion.  Further  mixing  of  the  fuel  components  takes 


place  in  the  gaseous  phase. 


In  the  event  of  unstable  operation  of  the  engine’s  fuel-feed 
system,  the  pressure  gradient  of  the  fuel  components  in  the  nozzles 
varies  and,  consequently,  so  does  the  quality  of  the  atomizing  func¬ 
tion. 

A  change  in  the  engine's  regime  of  operation  Involves  a  change 
in  the  fuel  flow  rate  through  the  combustion  chamber.  Here,  the  con¬ 
ditions  under  which  the  fuel  spray  nozzles  are  operating  may  devi¬ 
ate  from  the  optimum,  and  the  nozzles  may  not  ensure  satisfactory 
atomization  of  the  fuel  components. 

In  cases  where  engine  thrust  is  regulated  by  varying  the  fuel 
flow  in  the  chamber,  it  is  necessary  to  specify  the  pressure  gradient 
in  the  nozzles  for  operation  of  the  cnsunber  in  its  minimal  regime. 

The  nozzle  pressure  gradient  may  rise  to  an  extremely  high  value  (by 
a  factor  of  5  to  10)  when  the  engine  is  switched  to  operation  in  the 
nominal-  or  maxlmxm- thrust  regime.  This  indicates  that  this  method 
of  engine-thrust  regulation  is  not  advisable  when  wide  thrust  ranges 
are  Involved. 

SECTION  5.  DESIGN  OP  JET-TyPE  ATOMIZING  SYSTEM 

The  following  are  initial  data  for  the  design  of  a  Jet-type 
atomizing  system  for  em  engine: 

1)  the  types  of  combustible  and  oxidizer,  their  specific 
gravities,  emd  their  per-second  flow  rates  in  the  combustion  chamber; 

2)  the  design  configuration  and  diameter  of  the  chamber  head; 

3)  the  gas  pressure  in  the  combustion  chamber. 

ISie  per-second  flow  rates  of  the  combustible  and  oxidizer  in 
the  chamber  are  determined  in  making  the  thermodynamic  calculations 
for  the  engines.  The  specific  gravities  of  the  fuel  components  are 
computed  for  the  ten^erature  at  which  they  enter  the  combustion  cham- 

-  516  - 


t 


ber.  The  shape  of  the  chamber  head  and  Its  dimensions  are  selected 
as  functions  of  the  engine's  thrust,  the  parameters  of  the  combustion 
chamber,  the  method  selected  to  atomize  the  fuel,  the  type  of  spray 
injector  used,  and  other  considerations. 

The  atomizing  device  is  designed  taking  into  account  specifi¬ 
cations  set  forth  for  the  atomization  function  and  statistical  and 
experimental  data,  and  consists  in  the  following. 

1)  The  fuel- component  nozzle  pressure  gradients  are  speci¬ 
fied,  remembering  that  their  values  in  existing  engines  frequently 
vary  over  the  range 

^Pf  =  3  to  8  kg/cm^  =  (3  to  8)  10^  kg/m^. 

The  speeds  at  which  the  component  in  question  is  injected 
into  the  combustion  chamber  are  determined  for  the  selected  nozzle 
pressure  gradients,  using  the  following  formula,  which  will  be  re¬ 
membered  from  the  course  in  hydraulics: 

m/sec.* 

Frequently,  *  15  to  40  nv'sec  in  existing  engines.  For 

a  given  Ap^,  this  velocity  is  a  function  of  the  diameter,  length, 
and  shape  of  the  entry  and  outlet  parts  of  the  nozzle  orifice  and 
the  finish  to  which  its  surface  is  machined. 

2.  The  combined  areas  necessary  for  the  combustible  and  oxi¬ 
dizer  nozzle  orifices  are  determined,  applying  another  familiar 
formula  for  the  flow  rate  of  a  fluid: 


l.e.. 


n®.  (8.2) 

I*  r 

3.  The  diameters  of  the  combustible  and  oxidizer  nozzle  open- 
*[ Subscript:  anp  ■  vpr  ■  vprlsk  =  injection.] 
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ings  (dg  and  d^)  are  selected  and  the  number  of  nozzles  n  determined 
by  the  formula 


n^-f. - JC 


(8.3) 


The  diameters  of  the  outlet  holes  of  the  spray  injectors  are 
selected  in  accordance  with  the  over-all  dimensions  of  the  engine 
chamber  and  the  type  of  nozzle  selected,  and  lie  somewhere  between 
0.8  and  2.5  mm.  It  is  not  recommended  that  the  injectors  be  made 
with  diameters  less  than  0.8  mm,  since  they  would  be  easily  clogged 
and  are  difficult  to  manufacture.  To  facilitate  drilling  holes  with 
such  small  diameters,  most  of  the  material’s  thickness  is  drilled 
out  to  a  larger  diameter,  leaving  only  a  small  thickness  in  the 
specified  diameter.  With  injectors  larger  than  2.5  mm  in  diameter, 
atomization  of  the  fuel  component  being  fed  deteriorates  consider¬ 
ably  because  the  Jet  is  excessively  thick  and  shatters  poorly. 

The  flow-rate  factor  p,  of  the  Jet-type  nozzle  depends  on  the 
following  factors; 

1)  the  way  in  which  the  exit  edge  of  the  hole  is  machined 
(sharp  or  well-rounded)  and  the  surface  finish  of  the  holes; 

2)  the  ratio  of  the  length  1^  of  the  nozzle  orifice  to  its 
exit  diameter  d^; 

3)  the  properties  of  the  liquid  being  atomized  and  its  param¬ 
eters  (viscosity,  pressure,  velocity,  etc.). 

The  value  of  p.  must  be  taken  on  the  basis  of  statistical 
data  In  the  calculations. 

The  shape  of  the  injector  orifice  must  be  selected  in  such  . 
a  way  that  the  flow-rate  factor  will  be  maximal  and  vary  only  slightly, 
upon  significant  variation  of  the  per- second  fuel  flow  rate  In  the 
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oombustlon  chamber.  This  condition  is  particularly  important  in  cases 
in  which  the  engine  must  operate  in  low- thrust  regimes. 

Experiments  have  shown  that  the  most  suitable  among  the  great 
number  of  different  nozzle-orifice  shapes  is  the  cylindrical  orifice 
with  a  smoothly  rounded  exit  edge  (see  Pig.  8.6).  With  the  exit  edge 
shaped  in  this  way,  the  liquid  holds  to  the  surface  of  the  bore 
during  outflow  and  the  flow-rate  factor  has  a  higher  value  than  with 
any  other  shape.  For  this  shape  of  the  injector  orifice,  we  have 
p,  *  0.7  to  0.75  for  If/df  =  0.8  to  2,  and  p,  0.75  to  0.85  for 
l^d^  =  2  to  3. 

Since  the  per- second  flow  of  oxidizer  into  the  engine  cham¬ 
ber  is  usually  greater  than  that  for  the  combustible,  the  diameters 
of  the  oxidizer  injector  orifices  are  made  larger  than  those  for  the 
combustible.  For  a  given  spray-nozzle  diameter,  the  number  of  nozzles 
for  the  oxidizer  is  greater  than  that  for  the  combustible. 

In  single- Jet  atomization  of 
the  fuel  components,  the  injector 
orifices  are  placed  in  the  chamber 
head  in  such  a  way  that  the  Jets  of 
combustible  and  oxidizer  will  impinge 
at  certain  angles  and  create  a  com¬ 
bustible  mixture  that  is  uniform 
over  the  cross  section  of  the  com¬ 
bustion  chamber  and  well-primed  for 
combustion. 

Since  the  weight  of  oxidizer 

in  the  fuel  mixture  is  almost  2-5  times  the  weight  of  combustible 

(depending  on  the  type  of  fuel),  and  its  specific  weight  is  also 
*1, Subscript;  pes  =  rez  =  rezul 'tlruyushchly  =  resultant.] 


Fig.  8.10.  Illustrating  deter¬ 
mination  of  resultant  momentum 
in  Jet  atomization  of  fuel 
components,  l)  Oxidizer; 

2)  coinbustlble;  3) 
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greater,  the  nozzle  pressure  gradient  for  the  combustible  should  be 
made  larger  than  that  for  the  oxidizer  so  that  the  resultant  momen¬ 
tum  vector  of  the  impinging  Jets  produced  by  the  single- Jet  nozzles 
will  have  an  approximately  axial  direction.  With  the  same  objective, 
the  combustible  and  oxidizer  injectors  are  arranged  at  different 
angles  relative  to  the  combustion- chamber  axis. 

The  resultant  magnitude  of  the  momentum  vector  after  impinge¬ 
ment  of  the  combustible  and  oxidizer  Jets  is  determined  from  relation¬ 
ships  based  on  the  law  of  conservation  of  momentum. 

If  the  total  momentum  of  the  two  Jets  does  not  change  upon 
impingement,  the  angle  between  the  chamber  axis  and  the  resultant 
Jet  will  be  given  by  the  formula  (Pig.  8.10): 

♦g  «  —  Qo*o  «ln  >0  —  OrV,  tin  I,  (8.4) 

OoWoCM  #0—  OfWtV»  *r  ’ 

If  the  resultant  momentum  vector  of  the  impinging  Jets  has 
an  approximately  axial  direction,  i.e.,  for  6  =  0  and  tan  6  =  0, 

Z*6Z  Z*GZ 

the  angular  relationship  reduces  to  the  equality 

<7oWoSln8o*"^^r®r*ln8,.  (8.5) 

The  relationships  between  the  angles  6^,  6^,  and  may 

be  obtained  from  these  expressions. 

The  resultant  impingement  vector  of  the  combustible  and  oxi¬ 
dizer  Jets  can  be  directed  axially  with  a  small  inclination  of  the 
combustible  injector  to  the  chamber  axis,  if  the  pressure  gradient 
in  It  is  made  larger  than  that  in  the  oxidizer  injector. 

Atomization  using  multiple- Jet  injectors  gives  rather  good 
results  and  does  not  Involve  design  complications. 

Jets  of  the  same  fuel  conqponent  Irrpinge  in  a  two- Jet  nozzle, 
while  in  the  three-  and  four-jet  nozzles  a  single  Jet  of  combustible 
collides  with  two  or  (respectively)  with  four  or  five  Jets  of  oxi¬ 
dizer. 
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The  three-Jet  Injector  delivers  extremely  poor  mixing  of  the 
fuel  components  in  the  liquid  phase  if  the  velocities  of  all  three 
Jets  are  approximately  equal.  In  this  case,  we  observe  a  considerable 
excess  of  oxidizer  in  the  core  of  the  spray,  while  its  periphery  con¬ 
tains  a  large  excess  of  combustible;  this  is  accounted  for  by  shatter¬ 
ing  of  the  central  combustible  Jet  when  it  is  struck  by  the  lateral 
oxidizer  Jets.  This  remark  also  applies  to  the  four- Jet  injector 
nozzle. 

To  achieve  uniform  distribution  of  the  fuel  conqponents  in  the 
spray  produced  by  these  nozzles,  it  is  necessary  to  increase  the 
velocity  of  the  central  combustible  Jet  by  approximately  50-605^  over 
the  velocity  of  the  lateral  oxidizer  Jets. 

The  advantage  of  the  three-  and  four-jet  injectors  consists 
in  the  fact  that  no  liquid  is  thrown  back  toward  the  engine- chamber 
head  when  they  are  used  for  the  atomizing  function,  even  with  large 
linplngement  angles  between  the  Jets.  The  fuel- component  atomization 
quality  is  almost  the  same  for  these  two  types  of  nozzles. 

It  must  be  assumed  that  the  three-Jet  nozzles  will  be  most 
efficient  with  oxidizer- to- combustible  weight  ratios  equal  to  2-3, 
while  the  four- Jet  nozzles  will  be  preferable  with  fuel- component 
ratios  around  3-5. 

In  selecting  the  type  of  nozzles  and  the  optimum  parameters 
for  the  design,  as  well  as  the  arrangement  of  the  nozzles  in  the 
chamber  head,  it  is  necessary  to  take  into  account  factors  which  in¬ 
fluence  the  quality  of  fuel-component  atomization  in  ZhRD  and  the 
specifications  for  the  atomizing  function.  It  is  also  necessary  to 
consider  the  results  of  detailed  analysis  of  the  atomizing  devices 
used  in  existing  engines. 

The  above  scheme  for  designing  a  Jet-atomization  system  can 
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also  be  used  for  [ concentric ]-slot  atomization,  using  other  values 
for  the  flow- rate  factors  of  the  nozzles. 

Example  1.  O.590  kg/sec  of  aniline  at  15°C  (y„  *  970  kg/m^) 

o 

and  1630  kg/sec  of  nitric  acid  at  132°C  {y^  =  15OO  kg/m^)  are  being 
fed  Into  a  combustion  chamber,  each  through  eight  nozzles.  The  nozzle 
pressure  gradient  Is  5*6  kg/cm^  and  the  flow  rate  factor  |jl  =  0.75. 

Determine  the  total  flow  sections  for  the  combustible  and 
oxidizer  In  the  chamber  head,  the  corresponding  injector  diameters, 
the  exit  velocity  of  the  liquids  from  them,  and  the  Inclination  of 
the  lirgjinglng  Jets  to  give  an  axial  resultant  vector. 

Solution. 

1.  Plow-section  areas  of  combustible  and  oxidizer  Injector 
orifices; 


0.590- 104 


0.240  cm  5 
537  cm^. 


2.  The  diameters  of  the  combustible  and  oxidizer  spray  nozzles: 


-0,195  cmF>i,95Bim; 

X  X 

-0.294  eBX-3.M«P. 


3.  The  fuel- component  velocities  at  exit  from  the  spray 
nozzles  Into  the  combustion  chainber: 


25,2  li^O  . 


4.  We  set  the  Inclination  of  the  oxidizer  Jet  to  the  chamber 
axis  arbltreu'lly  equal  to  20^  and  determine  the  corresponding  In¬ 
clination  of  the  combustible  Jet  to  obtain  an  axial  resultant  vector: 
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.Ink  Q»o»«>  ,  ,  1,630.20,8 

a,,Wr  “"•*■■■5190.25,2  •‘■»‘-0.7S, 


from  which  6  =48.5°. 
g 


SECTION  6.  DESIGN  OP  SINGLE- COMPONENT  CENTRIFUGAL  SPRAY  NOZZLES 


The  basic  difference  between  centrifugal  and  Jet-type  spray 
nozzles  consists  In  the  fact  that  the  fluid  flowing  through  a  centrifu¬ 
gal  nozzle  possesses  a  moment  of  momentum  about  the  nozzle  axis.  This 
causes  the  formation  of  a  whirlpool  running  down  the  nozzle  axis  and 
results  In  a  low  flow- rate  factor  and  a  large  at omlz at Ion- spray  angle. 


Pig.  8.11.  Illustrating  design  of  single- component 
centrifugal  nozzle.* 


In  a  tangential  centrlfxigal  nozzle,  the  fluid  to  be  atomized 
enters  at  a  velocity  Into  the  nozzle  cavity  through  an  entry 

hole  having  a  radius  (Pig.  8.11).  This  hole  Is  so  located  that 

Its  axis  Is  tangential  to  a  circle  of  radius  with  Its  center  on 

the  nozzle-nipple  axis.  As  a  result  of  Its  Injection  In  this  manner, 
the  liquid  swirls  Inside  the  Inner  cavity  of  thenizzle.  Here,  centrif¬ 
ugal  forces  arise  In  the  liquid  and  compress  It  to  the  Inside  sur¬ 
face  of  the  nozzle,  forming  a  thin  ring-shaped  film  where  It  exits 
through  the  nipple.  A  gas  whirlpool  In  which  the  pressure  Is  equal  to 
that  of  the  environment,  l.e.,  to  the  combustlon-chaniber  gas  pressure, 

forms  Inside  this  liquid  film.  On  leaving  through  the  nozzle  opening, 

*L Subscripts;  bx  =  vkh  =  vkhodnoy  =  entry:  c  =  s  =  soplo  =  nipple; 

B  =  V  =  vlkhr'  =  whirlpool;  a  =  axial;  m  =  u  =  tangential.] 
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the  liquid  particles,  which  are  no  longer  acted  upon  by  the  centripe¬ 
tal  forces  governed  by  the  reaction  of  the  nozzle  walls,  fly  out 
along  rei^clllnear  trajectories  to  form  a  spray  oone. 

The  "live”  [effective]  cross  section  of  the  annular  liquid 
film  flowing  through  the  nipple  Is  determined  by  the  nipple  radius 
r^  and  the  radius  r^  of  the  gas  whirlpool  (see  Pig.  8.11),  l.e., 

(8.6) 

p  p 

where  9  =  l-(ry/rg)  Is  the  factor  to  which  the  nipple  cross  section 
Is  filled  with  liquid. 

The  thickness  of  the  liquid  film  at  exit  from  the  nipple  Is 

where  d^  and  d^  are  the  diameters  of  the  nipple  and  the  gas  whirl¬ 
pool,  respectively. 

The  diameter  of  the  gas  whirlpool  at  exit  from  the  nipple  Is 

The  relative  thickness  of  the  film  In  the  exit  section  of  the 
nipple  Is 

i-jO-KTir?). 

The  liquid  pressure  in  the  nozzle  declines  and  reaches  the 
gas-whirlpool  pressure  at  exit  from  the  nipple. 

The  full  pressure  gradient  Ap^  of  the  liquid  in  the  nozzle 
Is  expended  in  setting  up  the  velocity  In  the  entry  hole  and 

the  axial  component  w_  of  the  velocity  In  the  nipple. 

The  higher  the  entry  velocity  w^j^  of  the  liquid  into  the 
nozzle  as  compared  to  the  axial  velocity  w„,  the  higher  will  be  the 
tangential  velocity  w^  of  the  fluid  at  exit  from  the  nipple  and  the 
*1  Subscript:  *  =  zh  =  zhldkost'  =  liquid.] 
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greater  will  be  the  part  of  the  gradient  expended  In  creating  the 
entry  velocity.  The  higher  the  Intensity  with  which  the  liquid  Is 
swirled  In  the  nozzle  (the  greater  the  ratio  of  tangential  to  axial 
velocity)  the  smaller  will  be  the  cross-sectional  area  f^^^  of  the 
liquid  film  In  the  nlpplej  r^  Increases  as  the  swirling  Intensity 
rises . 

According  to  Equation  (8.2),  the  flow  rate  of  the  liquid 
through  the  nozzles  Is 

kg/sdc, 

where  n  Is  the  flow-rate  factor,  the  value  of  which  depends  on  the 
Intensity  with  which  the  liquid  Is  swirled  In  the  nozzle. 

The  value  of  |x  will  be  smaller  for  higher  swirling  rates, 
since  this  reduces  the  area  of  the  annular  section*  of  the  fluid  Jet 
In  the  alpple  and  the  pressure  gradient  In  the  nozzle. 

It  has  been  demonstrated  theoretically*  that  the  following 
relationships  obtain  between  the  geometrical  characteristic  A  of  the 
nozzle,  the  factor  <p  to  which  the  cross  section  of  the  exit  orifice 
Is  filled  with  fluid,  the  flow- rate  factor  n,,  and  the  atomization 
semiangle  a  for  an  Ideal  liquid  (disregarding  friction); 


“  ^  Vi  nit 


(8.7) 


(8.8) 


tg  ■  -  (^-y>  ^ 


(8.9) 


»5.NT  Abramovich.  Teorlya  tsentrobezhnoy  forsunkl  (Theory  of  the 
centrifugal  nozzle).  Promyshlennaya  aerodlnamlka  (industrial  aero¬ 
dynamics),  TsAOI  (Central  Aerohydrodynamlcs  Institute),  1944. 

**[ Subscript;  aaxp  =  zedcr  =  zakrutka  =  swirl.] 
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where  Is  the  swirl  radius  of  the  fluid  in  the  nozzle,  in  nun; 

i  is  the  number  of  tangential  entry  holes  in  the  nozzle;  f^^  is  the 
cross-sectional  area  of  the  nozzle  entry  hole,  and  and  Dgakr 

the  respective  diameters  of  the  nozzle  entry  hole  and  the  swirl  dia¬ 
meter  of  the  liquid  Jet,  which  is  equal  to  twice  the  distance  from 
the  nozzle  axis  to  the  exit  of  the  nozzle's  tangential  entry  hole. 

As  the  geometrical  characteristic  varies  from  A  =  0  to  A  =  «», 
the  flow- rate  factor  p,  diminishes  from  unity  to  zero.  The  coefficient 
M.  and  the  angle  a  are  governed  by  the  law  of  conservation  of  the 
moment  of  momentum  of  the  liquid  particles  relative  to  the  exit-hole 
axis.  These  parameters  may  be  manipulated  by  appropriate  selection  of 
the  ratios  between  the  dimensions  of  the  nipple,  the  nozzle's  swirl 
chamber,  and  the  entry  canals. 

In  nozzles  with  worm- type  swirl  members,  should  be  under¬ 

stood  as  the  distance  from  the  center  of  gravity  of  the  liquid  cross 
section  in  one  channel  of  the  worm  to  the  nozzle  axis,  while 
should  be  understood  as  the  radius  of  a  circle  having  an  area  equal 


to  that  of  the  cross  section  of  one  channel  of  the  worm. 


Figure  8.12  shows  curves  of 
9,  p,,  and  a  as  functions  of  A,  as  com¬ 
puted  from  the  formulas  given  above 
(without  taking  the  hydraulic  resis¬ 
tance  of  the  liquid  in  the  nozzle 
into  account) . 

For  an  ideal  liquid,  the  ex- 


Flg.  8.12.  Filling  factor  9 
of  nipple,  flow-rate  factor 
p.,  and  total  atomization 
angle  a  of  slngle-conponent 
centrifugal  nozzle  as  func¬ 
tions  of  its  geometrical  char¬ 
acteristic.  1)  Degrees. 


ternal  moment  of  force  acting  on  the 
liquid  in  the  swirl  chamber  is  zero, 
and  the  flow  is  subject  to  the  law  of 
concervatlon  of  moment  of  momentum. 
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In  a  real  liquid,  frictional  forces  opposing  the  flow  arise 
at  the  liquid-wall  Interface  as  a  result  of  viscosity.  This  frictional 
moment  reduces  the  moment  of  momentum  of  the  fluid  leaving  the  nipple 
below  the  moment  that  it  possesses  at  entry  into  the  swirl  chamber. 
Here,  the  radius  of  the  gas  whirlpool  and  the  spray- cone  angle  are 
found  to  be  smaller  than  in  the  case  of  the  ideal  liquid,  while  the 
flow-rate  factor  Increases  (the  thickness  of  the  annular  liquid  film 
in  the  exit  nipple  Increases) . 

Thus,  fluid  friction  on  the  swirl- chamber  wall  of  the  centrifu¬ 
gal  nozzle  causes  an  Increase  in  the  flow  rate  of  the  fluid  as  com¬ 
pared  with  the  ideal  case. 

In  addition  to  reducing  the  moment  of  momentum,  friction  of 
the  liquid  against  the  walls  of  the  nozzle  swirl  chamber  also  gives 
rise  to  energy  losses  which,  however,  are  relatively  small  and  can 
be  disregarded  in  practical  calculations. 


Applying  the  principle  of  maximum  flow  rate  for  a  viscous 
fluid,  we  obtain  an  expression  for  the  geometrical  characteristic  of 
the  real  nozzle,  l.e.,  for  the  equivalent  characteristic*; 


(1-t)K2 

/?■ 


(8.10) 


Thus,  the  expressions  establishing  the  relationships  prevail¬ 


ing  in  the  real  nozzle  differ  from  those  presented  above  for  the 


ideal  nozzle  only  in  the  fact  that  it  is  necessary  to  replace  A  by 


the  value  of  A^j^,  which  is  related  to  A  by  the  formula  (denoting 

'*vw/-^vkh'>y=)=  ^  _ 

irU  +  ^  i-t)  (8*11) 


TTTTT  Astakhov.  Vllyanlye  vyazkostl  topllv  i  druglkh  faktorov  na  mel- 
-kost‘  raspyllvanlya  (influence  of  fuel  viscosity  and  other  faqtors  on 
fineness  of  atomization),  "Dizelestroyenlye"  (Diesel  englneerlna^ 
1937,  No.  2. 

**[ Subscript:  sk  =  ek  =  ekvlvalentnyy  =  equivalent.] 
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where  f  is  the  coefficient  of  friction  of  the  liquid  flowing  through 
the  nozzle  and  may  be  determined  from  the  empirical  formula 


•g/-: 


25,8 


Here,  Re  Is  the  Reynolds  number  at  entry  of  the  fluid  Into 
the  swirl  chamber,  as  con^juted  by  the  formula 

Re— 5h^b.. 


(8.12) 


(8.13) 


Since  w^j^  *  Qf/PyjjjjY  Is  the  entry  velocity  of  the  liquid, 

2 

^vkh  “  area  of  the  entry  channels,  and  v  =  tj/p  *  Hs/y 

18  the  coefficient  of  kinematic  viscosity  of  the  liquid,  the  above 
formula  for  the  Reynolds  number  can  be  rewritten  In  the  following 
form; 

where  n  is  the  liquid's  dynamic  viscosity  coefficient,  g  Is  the  accele¬ 
ration  of  gravity,  and  y  Is  the  specific  gravity  of  the  liquid  being 
atomized. 

A  curve  showing  f  as  a  fvinctlon  of  Re  Is  shown  In  Pig.  8.13. 

Taking  fluid  friction  In  the  nozzle  Into  consideration  In¬ 
creases  the  flow-rate  factor  |x  and  makes  It  a  function  of  the  liquid 
pressure  gradient  In  the  nozzle;  however,  this  does  not  Introduce  any 
essential  change  Into  the  spray-angle  determination  because  the  Inter¬ 
relationships  between  the  gaseous  medium  In  the  combustion  chamber  emd 
the  spray  cone  are  not  being  tsdcen  Into  account  In  this  case. 

The  dlagrsun  of  Pig.  8.12  may  be  used  to  determine  the  flow- 
rate  factor  of  a  real  centrlfxigal  nozzle  If  the  values  of  are 
plotted  against  the  axis  of  abscissas  Instead  of  A. 

The  value  of  A^j^  Is  always  smaller  than  A.  The  cvirve  of  as 


*lg  =  log. 
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a  function  of  A  (or  of  Indicates  that  the  flow- rate  factor  p. 

Increases  with  diminishing  A. 

Thus,  the  flow- rate  factor  of  the  centrifugal  nozzle  increases 
in  accordance  with  the  Increase  in  the  coefficient  of  friction  f  and 
the  number  (B^l)-Aon  transition  from  the  ideal  to  a  viscous  liquid. 

Disregarding  the  negligible 
energy  losses,  we  obtain  an  expres¬ 
sion  of  the  form  (8.9)  for  determin¬ 
ing  the  atomization  spray  angle  for 
outflow  of  a  viscous  liquid;  this 
expression  is  different  only  in  the 

Pig.  8.13.  Coefficient  of  fact  that  the  geometrical  chaa?iacteriz 

friction  of  fluid  in  centrifu¬ 
gal  nozzle  as  a  function  of  tic  of  the  nozzle  has  been  replaced 

Reynolds  number. 

in  it  by  the  equivalent  character¬ 


istic,  l.e.. 


(8.14) 


where  r^r^  =  s  is  the  dimensionless  radius  of  the  whirlpool  at  the 
exit  face  of  the  nipple. 

Thus,  the  angle  of  the  atomization  spray  for  a  viscous  liquid 
is  also  determined  by  the  curve  of  Pig.  8.12,  with  the  quemtity 
laid  off  on  the  axis  of  abscissas  Instead  of  A.  Since  A^^  <  A,  the 
spray  angle  for  a  viscous  fluid  is  smaller  than  that  for  the  ideal 
fluid.  Consequently,  the  hydraulic  parameters  of  the  centrifugal 
nozzle  are  determined  by  the  equivalent  characteristic  for  atomization 

The  geometrical  dimensions  of  the  nozzle  have  the  following 
effects  on  its  hydraulic  characteristics  [see  Eq.  (8.11)]; 

1)  as  Increases  and  the  other  parauneters  remain  un¬ 

changed,  Agj^  and  cx  first  increase  and  then  decrease;  p,  varies  in  the 
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opposite  sense; 

2)  as  r  increases  with  the  other  parameters  remaining  the 

s 

same,  and  a  Increase,  while  p,  diminishes; 

3)  as  increases  with  the  other  parameters  held  constant, 

and  a  diminish,  while  increases; 

4)  as  the  velocity  increases.  Re,  A^j^,  and  ct  diminish,  and 
the  coefficients  f  and  p,  increase; 

5)  as  r^  is  reduced  and  is  increased,  the  thickness  of 

the  liquid  film  at  the  exit  from  the  nipple  diminishes,  with  the  re¬ 
sult  that  the  droplet  diameter  and  the  evaporation  time  are  reduced 
and  the  atomization  cone  contracts. 

The  contraction  of  the  liquid  stream  in  the  nipple  can  be 
taken  into  accoiant  by  using  the  equivalent  effective  nozzle  character¬ 


istic  . 


In  the  case  of  the  ideal  liquid,  the  expression  for  the  effec¬ 


tive  characteristic  is  the  same  as  that  for  the  geometrical  char¬ 
acteristic,  with  replacement  of  the  area  of  the  inlet  canals  by  the 


stream  cross  section  in  these  canals,  i.e., 

.  A  „  ^PI***C  ^ 

*  •  “  V.I  «//l  ■ 


(8.15) 


The  flow-rate  factor  and  the  cone  angle  depend  on  A^  in  the 
same  way  as  on  A. 

The  equivalent  effective  nozzle  characteristic  for  a  real 
liquid  is  given  by  the  formula 


(8.16) 


Here,  the  value  of  the  contraction  factor  of  the  Jet  may  be 

set  equal  to  e  »  0.85-0. 90  for  abrupt  entry  of  the  liquid  into  the 

Subscript ; a  =  d  =  deystvuyushchly  =  effective], 

**[ Subscript: 3. =  e.d  =  ekvivalentnyy,  deystvuyushchly  =  equivalent, 
effective] . 
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tangential  canal.  When  the  liquid  flows  smoothly  in  the  entry  canals, 

e  =  1. 

As  we  see,  the  liquid  pressure  and  the  parameters  of  the  main 
stream  do  not  Influence  the  flow-rate  factor  and  the  atomlzatlon-cone 
angle  of  the  nozzle. 

The  manner  in  wnlch  the  liquid  flows  in  a  centrifugal  nozzle 
having  a  worm- type  swirl  Insert  differs  in  no  respect  from  the  way  in 
which  it  moves  in  a  tangential-entry  nozzle.  Thus,  all  of  the  con¬ 
clusions  presented  above  are  equally  applicable  for  these  two  types 
of  nozzles. 

The  geometrical  dimensions  of  nozzles  in  the  design  stage  are 
usually  established  on  the  basis  of  the  above  theoretical  premises, 
and  on  the  basis  of  design  considerations.  A  nozzle  designed  in  this 
way  is  corrected  on  the  basis  of  experimental  data  after  fabrication. 

It  is  sufficient  to  have  2-4  entry  canals  is  frequently 
made  qqual  to  2)  to  ensure  uniform  distribution  of  the  fluid  in  the 
nozzle  swirl  chamber. 

The  nozzle  swlrler  is  usually  made  long  enough  so  that  the 
liquid  will  complete  from  l/4  to  l/3  revolution,  since  a  fluid-pres¬ 
sure  loss  is  suffered  without  any  compensating  gain  in  atomization 
quality  when  longer  swlrlers  are  used. 

The  ratio  of  the  swirl  radius  for  the  fluid  in  the  noz¬ 

zle  to  the  radius  of  the  nipple  orifice  r  can  be  set  equal  to 

s 

C  =  Ryich^^s  “  value  of  Ryj^  is  usually  selected  to  conform 

to  the  over-all  dimensions  of  the  nozzle. 

As  C  is  reduced,  the  radial  velocity  of  the  liquid  rises, 
its  axial  velocity  diminishes  accordingly,  and,  consequently,  the 
flow- rate  factor  M’  drops  off  and  the  spray  angle  increases. 

The  radius  of  the  entry  hole  for  the  fluid  may  be  determined 
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from  the  formula 


»•«  J-- 


(8.17) 


The  quantity  B  is  computed  using  the  formula  for  the  geometri¬ 
cal  characteristic  A  of  the  nozzle,  after  substitution  of  r^  "  ^vkh^^ 


in  it,  i.e.. 


from  which 


‘'i,  tCr>„  '~lc 


(3.18) 


In  designing  and  computing  nozzles,  an  effort  is  usually  made 

p 

to  have  (B  /1)tA  equal  to  or  less  than  5  to  10.  The  fluid-friction 
losses  in  the  nozzles  Increase  with  excessively  high  values  of  this 
parameter,  while  excessively  low  values  give  smaller  absolute  dimen¬ 
sions  for  the  atomizer  and,  consequently,  complicate  manufacture  and 
lower  the  precision  to  which  the  nozzles  can  be  made. 

The  diameter  of  the  nozzle's  swirl  chamber  may  be  set  equal 


(8.19) 


The  outside  diameter  of  nonadjustlble  nozzles  is  selected 
on  the  basis  of  design  considerations: 

wm 

The  cylindrical  part  of  the  outlet  nipple  of  the  nozzle  should 
be  as  short  as  possible.  Normally,  the  ratio  Ig/dg  is  set  equal  to 
or  less  than  1,  since  the  atomization  spray  angle  becomes  smaller 
when  the  nipple  length  1  is  too  great. 

For  Agj^  ^  4-5,  we  may  set  ig/dg  =  0.5-1*  while  the  corre¬ 
sponding  figure  for  A^j^  ^4-5  is  0- 25-0. 5. 

The  angle  of  the  swirl- chsunber  cone  of  the  nozzle  where  it 
Subscript:  k  =  k  =  kamera  =  chamber]. 
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enters  the  nipple  Is  placed  between  60  and  120°. 

The  nozzles  of  a  given  set  must  have  the  same  flow  character¬ 
istics.  With  this  object  in  mind,  nozzles  are  manufactured  to  the 
second  and  third  precision  classes.  Here,  the  tolerance  for  passage 
of  a  given  liquid  through  the  nozzle  must  not  amount  to  more  than  3- 
5^. 

If  it  la  necessary  to  control  the  engine's  thrust  by  varying 
the  flow  rate  of  the  fuel  into  the  combustion  chamber.  It  is  possible 
to  use  two-stage  centrifugal  nozzles.  In  this  nozzle  design,  the 
liquid  is  supplied  to  the  first  and  second  stages  from  two  cavities, 
either  of  which  may  be  cut  in  or  out  of  operation  without  any  sig¬ 
nificant  disturbance  to  atomization  quality. 

The  initial  data  for  design  of  a  centrifugal  nozzle  are  the 
following: 

1)  the  angle  a  of  the  atomization  cone; 

2)  the  nozzle  throughput  G^; 

3)  the  pressure  gradient  Ap^  in  the  nozzle; 

4)  the  physical  constants  of  the  liquid  being  atomized 
(specific  gravity,  viscosity). 

The  design  of  centrifugal  nozzles  (tangential  types  and  those 
with  swirl  Inserts)  follows  the  following  procedure. 

1.  Knowing  the  approximate  dimensions  of  existing  nozzles, 
we  determine  the  number  of  nozzles  n  that  can  be  located  in  the  engine- 
chamber  head  in  question.  In  existing  nitric-acid  engines,  about  20- 
30  nozzles  are  required  for  one  ton  of  thrust.* 

With  the  object  of  securing  good  atomization  of  the  fuel  com¬ 
ponents,  an  effort  is  usually  made  to  place  as  many  nozzles  as  possi¬ 
ble  in  the  chamber  head,  althoxigh  a  limitation  is  placed  on  this  by 
*Elcspress- informat slya  AN  SSSR,  No.  6,  RT-16,  1957. 


-  533  - 


design  and  production  considerations. 

At  the  present  time,  single- component  centrifugal  nozzles 
are  arranged  on  larger  chamber  heads  at  Intervals  t  =  15-20  mm  with 
a  ratio  D^/t  ^  0.75,  where  Is  the  outside  diameter  of  the  nozzle. 
Nozzles  with  very  low  throughput  are  not  used  because  of  technologi¬ 
cal  difficulties. 

2.  Knowing  the  number  of  nozzles  and  the  per- second  flow 
rates  or  the  combustible  and  oxidizer  Into  the  combustion  chamber 

i  ■ 

(G,  kg/sec),  we  determine  the  flow  rates  of  these  components  through 
a  single  nozzle: 


Gf  =  —  g/sec. 


(8.20) 


3.  We  select  the  llquld-atomlzatlon  angle  a  desired  for  the 
nozzle  and  use  the  diagram  of  Pig.  8.12  to  determine  the  geometrical 
characteristic  A  of  the  nozzle,  with  subsequent  determination  of  the 
flow-rate  factor  p,  from  the  same  figure  as  a  function  of  this  char¬ 
acteristic  . 

It  Is  desirable  to  make  the  atomization  angle  as  large  as 
possible.  It  must  be  remembered,  however,  that  as  the  atomization 
angle  Is  Increased,  the  nozzle  dimensions  also  Increase,  so  that  It 
may  become  difficult  to  locate  the  selected  number  of  nozzles  on  the 


head . 


If,  however.  It  Is  found  that  the  desired  number  of  nozzles 


cannot  be  fitted  Into  the  head  for  the  range  of  fuel- component  atomiza¬ 
tion  angles  of  interest  to  us,  we  may  specify  a  slight  increase  In 
the  head  diameter  or  the  nozzle  pressure  gradients  of  the  components 
or  the  nvunber  of  Inlet  channels  Into  the  nozzles.  It  Is  not  recom¬ 
mended  that  recourse  be  taken  to  using  a  larger  number  of  nozzles 
with  lower  throughputs,  since  in  this  case  the  dimensions  of  the 
nozzles  Increase  more  rapidly  than  the  size  of  the  Interval  between 
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them  (it  would  be  even  more  difficult  to  locate  the  smaller  number  of 
nozzles  on  the  head) . 

4.  The  diameters  of  the  oxidizer  and  combustible  nipples  are 
determined  from  the  equation  for  the  flow  rate  of  the  liquid  through 
a  single  nozzle: 


40a 


(8.21) 


In  contemporary  engines,  Ap^  =  2. 5- 7. 5  kg/cm  =  (2.5 
to  7.5) -10^  kg/m^,. 

5.  Proceeding  from  design  considerations,  we  select  the  number 

of  entry  canals  ^  and  the  radius  of  the  corresponding  nozzle  by 

the  formula  =  Cr^  [  mm] . 

6.  We  determine  the  radius  of  the  inlet  canals  of  the  nozzles: 


B 


—  _  1 

~vm~V  lA  • 


(8.22) 


If  necessary,  we  determine  the  actual  nozzle  characteristic 
by  the  formula 


■  ^ 

»  fid. 


(8.23) 


7.  When  1.  and  R^j^^  have  been  selected,  we  determine  the  dia¬ 
meter  of  the  input  canals: 


(8.24) 


This  completes  the  elementary  calculation  of  the  nozzle  for 
an  ideal  fluid.  It  is  followed  by  evaluation  of  the  influence  of 
friction  and  various  design  factors  on  the  hydraulic  parameters  of 
the  nozzle  and  correction  for  the  ideal  fluid  as  a  first  approximation. 

8.  We  determine  the  Reynolds  number  at  entry  into  the  swirl 

chaimber: 

Re< 


(8.25) 
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9.  We  find  the  coefficient  of  fluid  friction  in  the  nozzle; 

_2  (8-26) 

To  avoid  repeating  these  tedious  calculations  in  each  specific 
case,  it  is  advisable  to  construct  a  graph  of  f  =  9(Re)  from  this 
formula,  as  shown  in  Pig.  8.13#  ■ 

10.  We  compute  the  value  of  the  equivalent  effective  nozzle 
characteristic; 


t 


+  ~r  Rn 


(8.27) 


Obviously,  the  calculatedi'value  of  ^  will  be  smaller  than 

A..  If  the  difference  between  A  .  and  A.  is  small,  l.e.,  if  the 
d  e.d  d 

values  of  the  flow-rate  factor  and  the  spray  angle  corresponding  to 


Ag  ^  and  A^  differ  by  no  more  than  a  few  percent  and  can  be  satis¬ 
fied,  we  should  rest  content  with  the  results  of  the  first-approxima¬ 


tion  calculations.  This  will  be  the  case  when  fluid  friction  does  not 


exert  a  strong  influence  on  the  hydraulic  parameters  of  the  nozzle 

p 

[with  small  values  of  f  and  the  parameter  (B  /l)  -  A]. 

11.  If,  however,  the  difference  between  A^  ^  emd  A^  is  large, 
it  is  necessary  to  carry  the  calculation  through  the  next  approxi¬ 
mation.  Assuming  that  the  coefficient  of  friction  is  equal  to  the 
calculated  value  f ,  and  solving  the  equation  of  A^  ^  for  we 

find  a  new  value  for  the  dleuneter  of  the  entry  holes: 


/— - 7 -  {O.'eJi 

Then  we  determine  the  number  Re '  and  the  value  of  the 
coefficient  of  friction  f ',  from  which  we  then  compute  the  value  of 
the  equivalent  characteristic  A^  ^  corresponding  to  entry  channels 
with  the  diameter  d^j^; 


I 
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*^fn  "j"  (^i*“^*) 


(8.29) 


We  again  compare  A^  ^  and  A^  and.  If  the  difference  Is 
greater  than  the  allowable  difference,  carry  the  calculation  to  the 
next  approximation.  Normally,  two  or  three  approximations  are  suffi¬ 
cient. 


12 y  Having  found  the  diameter;  of  the  entry  canals,  we  deter¬ 
mine  the  remaining  parameters  of  the  nozzle: 

a)  the  diameter  of  the  swirl  chamber 


b)  the  height  of  the  cylindrical  part  of  the  swirl  chamber 

c)  the  nipple  length 

/.- (0.25 -1.0)!/.; 

d)  the  Inlet- canal  length 

Finally,  we  draw  the  nozzles  and  refine  their  geometrical 
dimensions  In  such  a  way  as  to  obtain  nozzles  with  the  specified 
parameters.  If,  however.  It  Is  Impossible  In  designing  the  nozzle 
to  hold  to  the  dimensions  adopted  for  It,  the  calculations  must  be 
repeated  using  other  Initial  data. 

The  parameters  required  In  nozzles  of  existing  designs  for 
atomization  of  selected  fuel  components  are  selected  on  the  basis 
of  calibration  for  water. 

acan£le_l.  Determine  the  geometrical  dimensions  of  a  nozzle 
for  an  oxidizer  consisting  of  60$^  of  98^  HNO^  and  #0^  NgO^^  (Yq  = 

=  1627.3  kg/m^)  and  a  kerosene  combustible  nozzle  (Yg  =  830  kg/m^). 
If  the  throughput  of  these  nozzles  with  Ap^  =  4  atm  must  be 
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®0  =  ^3.3  g/sec  and  G  =  25.7  g/sec. 

o 

Solution. 

Computation  of  oxidizer  nozzle; 

1.  We  specify  the  atomization- cone  angle  at  2a  =  90^  and 
determine  =  2.65  and  =  0.24  from  the  diagram  of  Pig.  8.12. 

2.  The  diameter  of  the  nozzle  nipple  will  be 

.  1  /  1  /  4  0.0633  _ 

**  V  K  0.24-3,14  / 2  b,81-4-ielb.s"'  * 

=  0.00306  m  =  3.06  mm. 

3.  We  assign  the  characteristic  C  =  Ryj^ih'^^s  “  deter¬ 

mine  the  swirl  radius  of  the  fluid  In  the  nozzle: 

/?i»=Crt* 2,5- 1,63  =3,82  mm, 

4.  We  assume  three  Inlet  openings  In  the  nozzle  and  compute 


the  quantity 


B  =  «=  /  i,66-3-2.5  -  4,4a 


5.  We  compute  the  radius  of  the  nozzle  entry  hole 


3,82 
B  “4,46 


-  0,866 


6.  We  determine  the  diameter  of  the  nozzle  swirl  chamber: 

-  2  (^u  +  rn)  -  2 (3,82  +  0.856)  =  9,35  TBU. 

7.  The  outside  diameter  of  the  nozzle  will  be 

/>«  =  0.  +  3-9.35  +  8=12,35  BK. 

At  this  point,  we  have  completed  the  calculation  of  the  nozzle 
for  an  Ideal  liquid.  The  next  step  Is  to  convert  the  geometrical  dimen¬ 
sions  of  the  nozzle  to  take  Into  account  the  coefficient  of  fluid 
friction  f . 

8.  On  con?)utlng  the  Reynolds  nvunber,  we  obtain  Re  •  16,700. 

9.  We  use  the  diagram  of  Pig.  8.13  to  determine  the  coeffi¬ 
cient  of  friction  In  the  nozzle  In  accordance  with  the  value  of  Re, 
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obtaining  as  a  result 


lgRe-4i23:  lr<ioo/) -0^16 and  f  =  0.04l2. 

10.  We  compute  the  equivalent  geometrical  characteristic ' of 
the  nozzle; 


3.82.1.58 


+  -f  3.0.855*  +^^(3,85-1,53) 


■  2,47. 


11.  Prom  the  value  of  on  the  diagram  of  Plg^  8.12,  we 

find  new  values  for  the  flow- rate  factor  m-q  =  0.28  and  the  spray 

angle  2a^  =  88°  and  conpare  them  with  the  initial  values  m-q  and 

2a  ; 
o 


•*0  0.28  .  “o 

—=^  =  1.082 and — . 
0,24  «. 


90 


==0,968. 


Since  only  small  discrepancies  have  been  obtained  between 
the  original  and  subsequent  values  of  the  flow-rate  factor  and  spray 
angle,  we  shall  not  recompute  the  geometrical  dimentlons  of  the  nozzle. 
Calculation  for  combustible  nozzle; 

1.  We  set  the  values  of  2a  ,  a  ,  and  A  equal  to  those  for 

o  o  o 

the  oxidizer  and  obtain  d  =  0.00229  m  =  2.29  nm. 

s 

2.  Setting  G  =  2.5,  we  find  =  2.86  mm. 

3.  Assigning  1  =  3  and  computing  B,  we  obtain  =  0.641  mm. 

4.  After  further  similar  calculations,  we  obtain; 

A.-7.002  jbjb;  £)*- 10.002  jKJf;  /  =  0.0588;  ^»<=2,I2;  Hr- 0,265; 

•  I 

- -  1,108;  2«'  «  S?®  and  -i-  „  0,964. 

Hr 

In  view  of  the  considerable  discrepancies  between  the  original 

values  of  p.  and  a  and  the  results  Just  obtained,  we  recon5)ute  the 
S  S 

geometrical  parameters  of  the  norale,  taking  into  account  the  coef¬ 
ficient  of  fluid  friction  in  it,  i.e.. 
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Here,  we  obtain  f  =  0.0575;  =  2.66;  =  0.71  mm; 

=  8.928  mm  and  =  11. 928  mm. 

Finally,  we  set  the  spray  angle  equal  to  90°,  for  which 
=  0.24  and  d  =  2.29  mm. 

e  0 


SECTION  7.  DESIGN  OP  TWO-COMPONENT  CENTRIFUGAL  EMULSION- TYPE  NOZZLES 
Calculations  for  two-component  centrifugal  emulsion-type 
nozzles  are  based  on  the  theory  of  single- component  centrifugal  noz¬ 
zles  and  reduce  basically  to  determination  of  the  nipple  diameter, 
the  swirl  radius  of  the  fluid,  and  diameters  of  the  oxidizer  and  com¬ 
bustible  entry  holes  that  will  ensure  the  specified  proportions  be¬ 
tween  them,  as  well  as  the  required  Injector  throughput  and  angle  of 
spray , 


In  the  emulsion- type  nozzle,  the  oxidizer  enters  the  swirl 
chamber  through  tangential  openings  arranged  on  the  surface  of  the 
swirl  radius  (Plg.  8.14),  while  the  combustible  enters  through 

holes  arranged  around  the  same  surface  and  Inclined  at  an  angle  6  to 
the  plane  perpendicular  to  the  axis  of  the  Injector  nipple. 

Since  the  entry  canals  for  the  two  fuel  con^jonents  emerge 
Into  a  common  swirl  chamber  In  the  nozzle,  we  assume  the  same  pressure 


gradient  Ap^  =  Pp-Pj^  for  them  and  apply  the  Bernoulli  equations 


■  W* 


for  the  flow  of  the  liquids  In  the  entry  canals;  this  gives 


tible,  respectively,  emd  w  and  w  are  the  entry  velocities  of  these 

O 

fuel  components. 


4r^  1 

Onue/HirntM 


OmKMimm 


3  Paapes  nofiP 


Pig.  8.14.  Schematic  diagram  of  emulsion- type  centrifu¬ 
gal  nozzle,  l)  Oxidizer;  2)  combustible;  3)  section 
through  AA. 


Here,  the  mixture  ratio  of  the  fuel  mixture  in  the  swirl  chsun- 
ber  of  the  nozzle  will  be 


_  ^  P ^.o*o1a 

^  d^,r  ^♦.rWrlr  ■rfj 


4  '‘T. 


rf?»rWrTr 


or,  applying  Eq.  (8.30)  for  the  velocity  relationship  w  /w 


X  —  '-T^lX  —  —  — -  iX 

*  -j<A  V  T.  y  t' 


(8.31) 


where  G<,  and  G-  „  are  the  per-second  flow  rates  of  the  oxidizer 
f . o  r .g 

and  combustible,  respectively,  through  the  nozzle,  1  and  1  are  the 

O 

numbers  of  entry  canals  in  the  injector  for  these  components,  d^  and 

d  ..re  the  diameters  of  the  fuel-component  inlet  canals,  and  P- 
g  f.o 

and  P-  are  the  total  areas  of  these  canals, 
f.g 

Knowing  X  and  having  selected  1^  and  1^  previously,  we  may 
determine  the  ratio  d^/dg  fro®  Pormula  (8.31). 

The  per-second  flow  of  fuel  through  the  nozzle  will  be  (re¬ 
membering  that  G^  g  =  Gf^o/X) 


i±l 

z 


1  fas 

i<>«n 


Pig.  8.15.  Ratio  tii.j,3,h/‘‘ek3p‘ 

as  a  function  of  R  , . /r  . 

VKn  s 

^rasch^^eksp*  2)  C  - 

=  Wfs- 


On  the  basis  of  the  theory 
of  the  single- component  centrifugal 
nozzle,  we  may  arrive  at  the  conclu¬ 
sion  that  the  flow-rate  factor  y,, 
the  atomlzatlon-cone  angle  a,  and  the 
nozzle  fill  factor  q)  of  the  two-com¬ 
ponent  emulsion-type  centrifugal  noz¬ 
zle  are  determined  by  a  geometrical 
characteristic  of  the  form 


(8.33) 


(i  +  x)(x  +  ^) 

(8-33) 

where  r^  Is  the  radius  of  the  entry  canald  for  the  oxidizer. 

The  dependences  of  \i,  9,  and  a  on  ^  remain  the  same  as 
for  the  single- component  centrifugal  nozzle  and,  consequently,  can 
be  determined  from  the  diagrams  presented  above  (see  Pig.  8.12). 

The  flow  rate  of  fuel  mixture  through  the  two-component  emul¬ 
sion-  type  nozzle  Is  determined  from  the  familiar  formula  for  outflow 


of  a  liquid  through  a  nozzle: 


(8.34) 


p  p 

where  f  =  Trd  /4  =  TTr^  Is  the  area  of  the  exit  section  of  the  In- 
s  s'  s 

Jector  nipple  and  Is  the  specific  weight  of  the  fuel  mixture  com¬ 
puted  by  the  formula 


_  _  ToTfd+X) 

7.  +  X7T  ' 

Knowing  Q^.,  Ap^,  a,  X*  y^,  and  we  may  use  Formulas  (8.33) 

^pJubscrlpts:  pacv  =  rasch  =  raschetnyy  =  calculated; 

SKcn  =  eksp  =  exsperlmental *nyy  =  experimental.] 

**[ Subscript:  3.m=  e.m  =  eroul'slonnyy  =  emulsion-type. ] 

***[ Subscripts:  $  =  f  =  forsunka  =  nozzle;  c  =  s  =  soplo  =  nipple] 

T  =  t  =  topllvo  =  fuel . ] 
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and  (8.34)  for  and  to  determine  the  diameter  dg  of  the  injec¬ 
tor  nipple,  the  swirl  radius,  and  the  diameter  d^  of  the  entry  canals 

for  the  oxidizer,  and  then  determine  the  diameter  d  of  the  combus- 

g 

tible  entry  holes  from  Formula  (8.31)  for  X- 

The  calculation  presented  above  for  the  ideal  centrifugal 
emulsion-type  nozzle  gives  satisfactory  results  for  ratios  “ 

=  C  >  3.  If,  however,  the  nozzle  must  have  a  large  flare  angle  at 
the  nipple  (C  <(  3)>  it  is  necessary  to  correct  the  calculation  using 
the  curves  of  Pig.  8.15. 

SECTION  8.  PLACEMENT  OF  FUEL  NOZZLES  AND  OTHER  DEVICES  ON  ENGINE- 
CHAMBER  HEAD 

The  nozzles  are  laid  out  on  the  chamber  head  after  selection 
of  the  head's  design,  the  most  efficient  type  of  fuel  nozzles  and 
the  number  of  nozzles,  and  determination  of  their  geometrical  imen- 
sions. 


Pig.  8,16.  Schematic  diagrams  of  fuel-nozzle  arrsmge*- 
ments  on  engine- chamber  head. 

In  selecting  an  arrangement  of  the  nozzles  on  the  chamber  head 
of  a  Z^D  in  the  design  stage,  it  is  necessary  to  take  into  account 
the  specifications  set  forth  for  atomization  of  the  fuel  components 
and  atomization  data  from  existing  engines. 

At  the  present  time,  the  combustible  and  oxidizer  nozzles  are 
arranged  on  the  ZhRD's  chamber  head  in  chessboard,  honeycomb,  and 


. . 

annular  arrangements. 

In  the  chessboard  arrangement,  the  combustible  and  oxidizer 
nozzles  alternate  (see  Pig.  8.l6a).  Here,  each  combustible  nozzle 
Is  surrounded  by  four  oxidizer  nozzles. 

A  deficiency  of  this  nozzle  placement  consists  in  the  fact 
that  the  number  of  combustible  nozzles  Is  approximately  equal  to  the 
number  of  higher- throughput  oxidizer  nozzles,  since  there  is  almost 
two  to  five  times  as  much  oxidizer  In  the  fuel  as  there  is  combustible. 
As  a  result,  the  thick  oxidizer  Jet  mixes  poorly  with  the  thin  com¬ 
bustible  Jet,  deflecting  it  to  one  side,  with  the  resulting  detri¬ 
mental  effects  on  mixture-formation  performance. 

The  honeycomb  Injector  arrangement  Is  the  most  highly  per¬ 
fected. 

In  the  honeycomb  arrangement,  the  number  of  oxidizer  nozzles 
Is  larger  than  the  number  of  combustible  nozzles  (see  Pig.  8.l6b). 

Here,  each  combustible  nozzle  Is  surrounded  by  six  oxidizer  nozzles, 
with  the  result  that  mixture  formation  Improves  over  that  obtained 
with  the  chessboard  arrangement.  In  this  case,  the  number  of  Indivi¬ 
dual  droplet  bundles  formed  is  the  same  as  the  number  of  individual 
nozzle  groups  laid  out  on  the  chamber  head. 

Two  variants  of  the  honeycomb  arrangement  of  Injectors  on  a 
flat  chamber  head  are  possible: 

1)  symmetrical  honeycomb  arrangement  of  the  nozzles  with  re¬ 
spect  to  two  axes  (see  Pig.  8.l6b); 

2)  symmetrical  honeycomb  arrangement  of  the  nozzles  with  re¬ 
spect  to  one  axis  (see  Pig.  8.l4c  [sic]). 

The  honeycomb  arrangement  permits  only  a  fully  determined 
number  of  combustible  and  oxidizer  nozzles. 

The  chessboard  and  honeycomb  nozzle  arrangements  can  be  set 
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up  by  using  a  flat  head  with  two  cavities  situated  one  above  the 
other.  Such  a  head  ensures  approximately  Identical  pressure  gradients 
In  the  nozzles  for  the  two  fuel  components. 

For  design  reasons,  the  fuel  component  used  to  cool  the  en¬ 
gine  chamber  Is  usually  fed  into  the  lower  cavity  of  the  head. 

In  the  concentric  nozzle  arrangement,  l.e.,  when  the  nozzles 
are  arranged  In  belts  around  the  chamber  head,  combustible  and  oxi¬ 
dizer  nozzles  alternate.  The  advantage  of  this  method  consists  In  the 
fact  that  Its  use  simplifies  supplying  the  fuel  components  to  the 
nozzles.  However,  this  method  is  not  often  used.  The  chessboard  and 
honeycomb  nozzle  arrangements  are  the  basic  ones  used  for  flathead 
engine  chambers. 

It  Is  characteristic  for  all  engines  with  ordinary  flat  heads 
and  centrifugal  nozzles  that  much  of  the  working  mixture  (up  to  30$^ 
of  the  total  flow)  strikes  the  surface  of  the  combust Ion- chamber 
liner  as  the  mixture  ratio  is  lowered.  The  presence  of  heat  ex¬ 
change  between  the  gases  and  the  liner  and  the  increased  flow  rate 
near  the  wall  as  compared  with  the  core  of  the  stream  tend  to  draw 
out  development  of  the  working  process  at  the  wall,  causing  It  to 
lag  behind  the  stream  core. 

Striking  the  wall  of  the  combustion  chamber,  a  certain  amount 
of  the  fuel  components  ricochets  off  It  and  flows  along  It  In  the  form 
of  a  liquid  shroud,  with  part  of  it  forming  a  thick  layer  of  clus¬ 
tered  droplets;  they  are  heated  and  evaporated  as  a  result  of  heat 
exchange  with  the  combustion  products  in  the  core. 

As  the  pressure  In  the  combustion  chamber  rises,  evaporation 
of  the  fuel -component  droplets  Is  accelerated,  both  in  the  stream 
core  and  In  the  layer  at  the  wall.  This  phenomenon  cuts  short  the 
flow  of  the  liquid  shroud  down  the  liner  surface  and  contributes  to 
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transfer  of  heat  from  the  stream  core  to  the  liner. 

Reacting  with  one  another  and  with  the  combustion  products  in 
the  stream  core,  the  vaporized  fuel  components  form  a  layer  of  com¬ 
bustion  products  at  the  wall  as  they  burn  out.  The  fuel- component 
ratio  in  the  wall  layer  at  the  end  of  the  working  process  is  deter¬ 
mined  to  a  major  degree  by  the  initial  proportions  of  the  components 
striking  the  wall . 

As  the  gases  move  through  the  wall  layer,  the  component  pro¬ 
portions  in  them  may  vary  as  a  result  of  mixing  with  the  stream  core. 

The  chamber  liner  can  be  protected  from  excessive  heating  and 
burning  by  arranging  the  combustible  and  oxidizer  nozzles  on  the 
head  in  a  way  that  promotes  creation  of  a  combustible  excess  around 
the  liner  surface.  In  this  case,  it  is  necessary  to  depart  slightly 
from  the  alternation  principle  adopted  for  the  nozzles  and  to  place 
an  excessive  number  of  combustible  nozzles  around  the  periphery  of 
the  head,  so  that  it  will  be  possible  to  create  a  combustible  curtain 
around  the  liner  surface. 

To  reduce  the  amount  of  combustible  expended  in  forming  the 
protective  curtain,  these  peripheral  injectors  are  sometimes  made 
with  fuel  flow  rates  lower  than  those  of  the  main  injectors. 

It  is  simpler  to  protect  the  liner  from  overheating  when  the 
honeycomb  arrangement  is  used.  With  the  chessboard  nozzle  arrange¬ 
ment,  it  is  necessary  to  install  nozzles  with  reduced  combustible 
flow  rates  around  the  periphery  of  the  head;  if  the  distance  from 
the  peripheral  nozzles  to  the  chamber  liner  is  great,  powerful  con¬ 
vective  gas  currents  form  near  the  liner  surface  and  will  wash  away 
the  layer  of  combustible  at  the  wall,  which  is  serving  to  protect 
the  liner  from  overheating. 

In  calculations,  it  itiay  be  assumed  in  first  approximation 
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that  the  interval  ^  between  the  centrifugal  nozzles  is  proportional 
to  the  square  root  of  the  diameter  of  the  flat  chamber  head, 


i.e 


•  > 


t^VdZ. 


In  the  case  of  a  cylindrical  combustion  chamber,  is 

equal  to  the  combustion- chamber  diameter  dj^. 

In  modern  engines,  the  average  interval  between  centrifugal 
nozzles  on  a  flat  en<ilne- chamber  head  varies  from  t  =  12  to  20  mm.** 

It  follows  from  the  expression  of  the  form 

7l  Z  “ 

Pu  Ph  4 

for  the  volume  of  a  cylindrical  chamber  head  that  the  number  of  noz¬ 
zles  n,of  the  selected  throughput  and  step  ;t  between  them  is  al¬ 
most  inversely  proportional  to  Pj^  for  given  values  of  dj^  and  Ij^  ^ 

or,  with  the  values  of  Pj^  and  Ij^  ^  remaining  unchanged,  directly 

2 

proportional  to  dj^,  while  O^.  is  Inversely  proportional  to  Pj^  wjien 
the  other  parameters  of  this  formula  remain  unchanged. 

If  the  Interval  between  nozzles  is  not  changed  when  the  en¬ 
gine  thrust  is  Increased,  the  length  of  the  fuel- component  mixing 
paths  will  also  remain  almost  constant.  In  this  case,  purely  techni¬ 
cal  difficulties  may  arise  on  transition  to  very  high  thrusts  in 
connection  with  the  necessity  of  making  a  chamber  head  with  several 
thousand  nozzles. 

Since  the  flow  rate  in  the  chamber  Increases  accordingly  when 

the  combustion- chamber  pressure  is  raised,  the  throughput  of  each 

nozzle  should  Increase  if  the  Interval  between  the  nozzles  remains 

constant.  The  result  is  that  the  engine  requires  a  great  combustion- 

chamber  length  if  the  working  process  is  to  be  completed  in  it .  However, 

*l subscript:  ron  =  gol  =  golovka  =  head.] 

**Ekspress-lnformatslya  AN  SSSR,  No.  36,  RT-108,  1957. 
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relatively  long  combustion  chambers  are  not  feasible  because  of  tKe 

possibility  that  longitudinal  acoustic  vibrations  may  arise  in  them. 
Consequently,  two- component  emulsion- type  nozzles  are  recommended 
with  the  object  of  reducing  combustion- chamber  length,  since  their 
use  reduces  the  length  of  the  fuel- component  mixing  zone  required. 

The  physical  design  of  the  system  supplying  fuel  components 
to  the  nozzles  depends  to  a  major  degree  on  the  type  of  nozzles  and 
the  chamber- head  shape  selected  for  the  engine. 

For  example,  a  high-throughput  Jet-type  nozzle  with  a  large 
number  of  holes  for  oxidizer  feed  is  Installed  in  the  center  of  each 
prechamber  or  head  of  a  ZhRD  with  a  prechamber  head  (such  as  the  A-4 
engine),  with  Jet-type  and  centrifugal- Jet  combustible  nozzles 
around  it. 

In  nitric-acid  engines,  the  chamber  head  may  consist  of  three 
plates,  of  which  the  two  flat  ones  form  a  lower  cavity  for  s)i»pplylng 
the  nozzles  with  the  fuel  component  used  to  cool  the  chamber,  while 
the  third  —  a  spherical  plate  —  forms  the  second  head  cavity  with 
the  central  head  plate  of  this  engine;  the  second  fuel  component  is 
fed  into  this  cavity  from  the  tank  for  distribution  among  the  nozzles. 

In  chamber  heads  with  concentric  nozzle  arrangement,  the 
fuel  components  are  fed  into  corresponding  manifolds  which  connect 
the  individual  belts  of  nozzles.  This  ensures  approximately  uniform 
pressure  gradients  for  the  component  in  the  nozzles  of  a  given  con¬ 
centric  belt . 

If  it  is  necessary  to  Install  a  firing  device,  devices  for 
chamber  blowout,  etc.,  in  the  chamber  head,  it  is  necessary  to  mini¬ 
mize  the  area  occupied  by  these  devices,  since  they  preempt  useful 
nozzle-placement  area,  upset  the  equilibrium  fuel- component  dis¬ 
tribution  over  the  chamber  cross  section,  and  Interfere  with  utlllza- 
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tlon  of  Its  volume.  In  addition,  the  fuel  components  emerging  from 
the  spray  nozzles  form  a  "cold"  zone  In  front  of  the  head  which  pro¬ 
tects  It  from  the  high  thermal  fluxes.  When  the  head  surface  Includes 
large  areas  that  are  not  protected  by  the  components  from  the  effects 
of  high  temperatures,  the  head  may  easily  burn  through  at  those  points 
where  the  above  devices  are  located,  since  external  cooling  of  the 
head  Is  Ineffective  because  of  the  low  rate  at  which  the  liquid  moves 
In  It.  For  this  reason.  It  Is  necessary  to  avoid  If  at  all  possible 
Installation  of  ciny  devices  other  than  the  nozzles  In  the  chamber 
head. 


When  the  method  for  arranging  the  nozzles  on  the  chamber  head 
has  been  selected,  the  general  geometrical  configuration  of  the  cham¬ 
ber  head  is  worked  out  and  the  necessary  check  calculations  are  made. 

After  design  and  execution,  the  chamber  head  must  ensure  the 
calculated  fuel  composition  even  when  the  total  flow  rate  of  the  fuel 
components  through  the  nozzles  varies  slightly,  l.e.,  the  chamber 
head  must  meet  the  condition 


(8.35) 


In  hydraulic  (water)  testing  of  the  chamber  head  to  deter¬ 
mine  Its  hydraulic  resistance  and  ascertain  the  manner  In  which  the 

Jets  impinge,  the  sizes  of  the  droplets  formed,  the  mixture  composi- 

\ 

tlon,  and  other  atomization  characteristics,  and  Ap^  = 

so  that  Eq.  (8.35)  for  the  weight  composition  of  the  mixture  assumes 
the  form 


X- 


INiVr  * 


(8.36) 


The  quantity  X,  which  Is  measured  during  hydraulic  testing  of 
the  head  with  water,  is  converted  for  the  working  fuel  components  by 
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multiplying  it  by  the  expression 

After  arriving  at  the  design  layout  of  the  engine,  the  shape 
of  the  chamber  and  its  head,  the  number  of  nozzles,  and  their  arrange¬ 
ment,  it  is  necessary  to  carry  out  check  calculations  for  the  com¬ 
bustion  chamber  to  determine  the  fuel  mixture  ratio  over  its  cross 
section  and  the  average  engine  specific  thrust. 

This  brief  survey  has  not  exhausted  the  subject  of  the  design 
features  of  the  atomizing  devices  used  in  contemporary  engines. 

It  is  necessary  to  rely  on  statistical  data  in  planning  and 
designing  ZhRD  atomizing  devices.  The  design  features  of  the  atomiz¬ 
ing  devices  of  certain  contemporary  engines  are  illuminated  in  brief 
in  the  papers  by  G.V.  Slnyarev  and  M.V.  Dobrovol 'skly,  D.  Satton, 

V.I.  Peyodos'yev  and  G.V.  Sinyarev.* 

It  is  necessary  to  design  and  configurate  engine- chamber 
atomizing  devices  with  consideration  of  the  recommendations  set  forth 
above,  following  approximately  the  following  procedure; 

1)  select  the  chamber-head  shape  and  make  a  preliminary  sketch 
of  its  physical  configuration; 

2)  ascertain  which  devices  must  be  Installed  in  the  chamber 
head  in  addition  to  the  nozzles,  so  that  installation  space  can  be 
provided  for  them; 

3)  select  the  type  of  centrifugal  fuel  nozzles,  the  interval 
between  them,  and  their  arrangement  on  the  chamber  head; 

4)  make  scale  drawings  of  the  nozzle  arrangement  on  a  chamber 
head  of  the  diameter  in  question  and  determine  the  number  of  combus- 

t 

tlble  and  oxidizer  nozzles;  here,  the  chamber-head  diameter  may  be 
slightly  Increased  or  decreased; 

5)  determine  the  nozzle  throughput  from  their  number  and  the 
*See  list  of  references  at  end  of  book. 
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per*second  flows  of  combustible  ax^  oxidizer  Into  the  englnels  conw 
bustion  chamber; 

6)  calculate  the  geometrical  and  over-all  dimensions  of  the 
nozzles  and  ascertain  the  practical  possibility  of  placing  them  on 
the  head; 


7)  if  necessary.  Introduce  the  required  corrections  into  the 
calculations  and  configuration  of  the  nozzles  and  make  fhe  final 
drawing  of  the  engine  chamber  head;  If  necessary,  change  the  through¬ 
put  and  niimber  of  nozzles  for  the  fuel  conponents; 

8)  select  the  expedient  variants  for  the  nozzle  mounting  In 
the  chamber  head  and  refine  the  physical  configuration. 

The  problems  of  mating  the  head  to  the  combustion  chamber 
are  solved  during  the  process  of  designing  and  configurating  the  en¬ 
tire  engine  chamber,  and  the  necessary  corrections  are  Introduced 
into  these  designs  to  take  other  factors  into  account  (methods  of 
supplying  fuel  components  to  the  chamber  head,  igniting  the  fuel 
when  the  engine  Is  started,  etc.). 

Like  the  Joints  between  their  various  parts,  the  Joints  be¬ 
tween  the  head  and  the  combustion  chamber  may  be  either  welded  or 
sepeirable.  Preference  should  always  be  given  to  welded  constructions, 
and  the  inclusion  of  elements  requiring  machining  In  them  should  be 
avoided,  since  welded  designs  are  always  lighter  and  cheaper  to  manu¬ 
facture.  Only  in  multistart  engines  and  engines  with  relatively  large 
working  margins  Is  It  necessary  to  use  certain  separable  Joints  for 
convenience  In  Inspecting  their  components  and  elements  after  a  cer¬ 
tain  operating  time  Interval  and  replacement  of  damaged  parts  with 
new  ones  before  the  engine  Is  restarted. 
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Chapter  IX 

PLANNINQ  AND  DESICNINQ  ZhRD  COOLING  SYSTEMS 

Reliable  chamber  cooling  is  the  most  Important  problem  In  develop¬ 
ing  sustained-operation  engines,  and  the  most  difficult  problem  to  solve. 
This  Is  explained  by  the  fact  that  a  huge  amount  of  fuel  usually  bums 
In  a  combustion  chamber  within  a  very  short  time,  at  high  pres¬ 

sures  (about  15-60  absolute  atmospheres)  and  temperatures  (approximate¬ 
ly  3000-4450°K) ,  and  with  great  gas-stream  velocities  (from  40-300 
meters  per  second  In  the  combustion  chamber  and  up  to  2000-3000  meters 
per  second  In  the  nozzle  outlet)  as  well.  The  heat  formed  per  unit  of 
combustion-chamber  volume  by  this  means  attains  enormous  magnitudes 
(up  to  10^-10^  kcal/m^  hr). 

The  enormous  heat  flows  from  the  gas  to  the  chamber  liner,  some¬ 
times  attaining  magnitudes  of  28*10^  kcal/m^  hr  In  the  nozzle  throaty 
which  correspond  to  these  engine  operating  conditions,  cause  the  chamber 
to  heat  up  rapidly  and  lose  Its  required  strength  even  If  It  Is  made  of 
the  most  heat-resistant  materials. 

In  practice,  removing  so  many  powerful  specific  heat  flows  from 
the  chamber  liner  presents  enormous  difficulties.  In  the  future,  these 
difficulties  will  Increase  as  the  consequence  of  the  continuous 
aspirations  of  ^WD  designers  to  raise  specific  engine  thrust  by  In¬ 
creasing  gas  pressure  In  the  combustion  chamber,  using  fuels  of  high 
calorific  value,  and  carrying  out  a  niunber  of  other  measures. 

As  we  design  and  perfect  a  the  complexity  of  solving  the 

cooling  problem  Is  aggravated  still  more  by  the  fact  that  heat- 
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transfer  processes  In  the  chamber  depend  on  a  great  number  of  factors, 
and  the  quantitative  evaluation  of  these  heat- transfer  factors  Is  still 
extremely  difficult.  Heat  transfer  in  llquld-propellant  rocket  engines, 
as  yet,  has  been  Investigated  very  little. 

Since,  at  the  present  time.  It  is  Impossible  to  theoretically 
completely  establish  the  physical  properties  of  the  gases  throughout 
the  length  of  the  engine  combustion  chamber  and  nozzle,  taking  Into 
accoxint  the  work  of  friction  and  other  phenomena  therein.  It  is  also 
Impossible  to  design  an  engine -chamber  cooling  system  with  accuracy. 

For  the  same  reason,  there  is  still  no  established  methodology  for  design¬ 
ing  Z^W-chamber  cooling  systems. 

Existing  methods  of  designing  cooling  systems,  based  on  hydro- 

dynamic  and  gasdynamlc  theories,  still  do  not  give  satisfactory  results, 
and  therefore  are  of  little  use  in  practical  design  work.  Moreover, 
designing  cooling  systems  In  accordance  with  these  methods  Is  cumber¬ 
some  and  laborious.  The  greatest  difficulties  lie  In  determining  the 
specific  convective  and  radiation  heat  flows  from  the  gas  to  the  engine - 
chamber  liner. 

It  Is  for  these  reasons  that  we  now  design  chamber- cooling  systems 
In  approximation  for  Zh^  being  planned,  chiefly  by  using  experimental 
formulas  of  the  theory  of  heat  transfer,  developed  In  conformity  with 
the  operating  conditions  of  Industrial  heat-power  plants. 

The  greatest  difficulties  encountered  when  designing  ^^^-chamber 
cooling  systems  lie  In  determining  the  coefficient  of  heat  transfer 
from  the  gas  to  the  chamber  liner;  at  the  present  time,  we  have  still 
not  foxmd  a  fully  valid  method  for  computing  this  factor. 

The  demand  for  Increased  operating  economy  (specific  thrust),  which 
Is  evident  In  ^RD  development  trends.  Intensifies  the  need  for  a  precise 
method  of  designing  cooling  systems  for  engine  combustion  chambers  and 
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nozzles.  This  extremely  urgent  problem  may  be  solved  only  as  the  result 
of  further  thorough  theoretical  and  experimental  Investigations  of  the 
processes  of  heat  transfer  In  engine  chambers,  considering  the  particu¬ 
lars  of  the  combustion  of  various  fuels  therein  under  different  con¬ 
ditions,  the  design  particulars  of  combustion  chambers  and  nozzles,  and 
the  nature  of  the  gas  currents  therein. 

The  cooling  system  for  an  engine -chamber  Inner  liner  must  provide 
for  removing  heat,  thus  preventing  the  liner  from  heating  up  to  a  temper¬ 
ature  at  which  the  strength  properties  of  the  material  are  considerably 
reduced. 

The  reliability  and  operating  time  of  an  engine  depend  upon  the 
degree  of  success  with  which  the  problem  of  cooling  the  combustion 
chamber  and  nozzle  has  been  solved. 

SECTION  1.  METHODS  OF  PROTECTINa  ZhRD  CHAMBERS  AGAINST  OVERHEATING; 

THEIR  ADVANTAGES  AND  SHDRTCOMINQS 

One  of  the  basic  problems  of  rocket  engineering  Is  the  develop¬ 
ment  of  ZhRD  with  a  high  specific  thrust  and  a  long  service  life. 

According  to  data  from  the  foreign  literature,  specific  thrust 
amoxmts  to  215-240  kg  of  thrust/  (kg  of  fuel/second)  In  contemporary 
while  the  power  potential  of  existing  and  prospective  fuels 
would  permit  obtaining  a  of  the  order  of  280-340  kg  of  thrust/ 

(kg  of  fuel/second). 

The  reason  for  such  a  great  gap  between  the  attained  and  potential 
values  of  P^^  lies  In  the  exceptional  complexity  of  developing  a  method 
of  protecting  the  engine -chamber  Inner  liner  against  the  effects  of  hlgh- 
temperature  products  of  combustion. 

The  basic  complexity  of  this  problem  lies  In  the  fact  that  the  heat 
flow  from  the  hot  gases  to  the  chaoiber  liner  Is  proportional  to  the 
difference  In  tenqperatures  between  the  gas  and  the  liner  surface,  and 
therefore  any  rise  In  gas  tenq;)erature  causes  an  Increase  In  heat  flows, 
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and,  consequently,  a  rise  In  the  chamber-liner  gas-side  surface 
temperature. 

The  methods  of  protecting  the  chamber  liner  against  overheating  and 
burnout  used  at  the  present  time  are.  In  a  number  of  cases,  of  little 
use,  or,  if  of  satisfactory  efficiency,  cause  the  operating  cycle  In 
the  chamber  to  become  Impaired,  and,  consequently,  reduce  Pud- 

The  principal  (and  most  economical)  method  of  protecting  the  engine- 
chamber  liner  against  overheating  from  the  hot  gas  is  by  external 
cooling,  using  one  or  both  propellants  for  this  purpose. 

This  method  of  cooling  an  engine  Is  called  regenerative,  since.  In 
this  ease,  the  heat  transferred  from  the  chamber  liner  to  the  coolant  Is 
almost  entirely  returned  to  the  combustion  chamber.  Usually,  we  use  the 
propellant  component  which  has  minor  corrosive  properties  and  the 
highest  heat  capacity,  thermal  conductivity,  and  boiling  point 
as  an  engine- chamber  coolant.  We  find  the  most  effective  cooling 
agent  is  frequently  the  oxidizer,  since  Its  per-second  flow  rate  In  the 
engine  Is  as  much  as  twice  to  four  times  the  size  of  the  combustible  flow 
rate. 

If  one  component  Is  Inadequate  for  purely  regenerative  engine - 
chamber  cooling,  we  may  use  both  propellant  components  (assuming  that 
the  second  component  Is  suitable  for  use  as  a  coolant).  Since  we  cannot 
mix  them  outside  the  combustion  chamber,  one  of  the  propellant  compo¬ 
nents  may  be  used  for  cooling  the  nozzle  and  the  other  for  cooling  the 
combustion  chamber.  However,  using  both  propellauit  components  for  cool¬ 
ing  the  engine  Is,  In  practice,  difficult  from  the  design  viewpoint. 

It  Is  not  desirable  to  use  liquified  propellant  coo^onents  for 
cooling  the  chamber.  At  the  pressures  and  temperatures  which  occur  In 
an  engine -chamber  coolant  passaige,  hydrazine  and  nltromethane  may  de¬ 
compose  and  explode. 
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Water  has  good  cooling  properties  because  of  Its  high  values  of 
heat  capacity,  thermal  conductivity  and  thermal  dlffuslvlty,  as  well  as 
Its  low  viscosity,  but  It  Is  not  practicable  to  use  It  for  missile 

since  a  great  supply  of  water  Is  required  In  the  missile  for  cool¬ 
ing  the  engine  chambers,  and  this  makes  the  missile  too  heavy.  Water  Is 
often  used  as  a  coolant  for  combustion  chambers  on  experimental  test 
stands . 

Regenerative  cooling  of  chambers  may  be  Intensified,  within 

certain  limits,  by  Increasing  the  velocity  of  the  liquid  In  the  coolant 
passage  by  means  of  decreasing  the  flow  area  of  the  latter.  As  velocity 
Increases  the  laminar  layer  of  liquid  at  the  liner  surface  becomes 
thinner,  and  as  a  result  of  this  the  thermal  resistance  between  the  liner 
and  the  coolant  Is  reduced.  However,  If  It  Is  necessary  to  remove  great 
amo\ints  of  heat  from  the  liner,  such  Intensification  of  regenerative 
cooling  may  be.  In  practice,  disadvantageous,  since.  If  the  velocity 
of  the  liquid  Is  Increased  considerably,  the  hydraulic  resistance  in 
the  passage  Is  unavoidably  Increased;  to  prevent  this  resistance,  we  re¬ 
quire  a  considerable  Increase  In  coolant-feed  pressure  and,  consequent¬ 
ly,  an  Increase  In  the  weight  and  capacity  of  the  engine  fuel-feed 
system.  Besides,  the  manufacture  of  a  coolant  passage  with  an  ex¬ 
tremely  small  flow  section  Is  very  difficult  to  accon5)llsh, owing  to 
production  problems. 

In  practice.  It  Is  possible  to  decrease  heat  transfer  from  the 
gases  to  the  chamber  liner  by  an  artificial  Increase  In  the  thermal 
resistance  of  the  gas -side  surface  of  the  liner  -  by  Introducing  a 
relatively  cold  body  (of  liquid  or  gas)  Into  the  boxindary  layer  of 
gases. 

If  the  gas  pressure  In  the  combustion  chamber  Is  Increased  or  pro¬ 
pellants  of  high  calorific  value  are  used  to  Increase  specific  thrust, 
the  cycle  In  the  engine  Is  intensified,  as  a  result  of  which  the  heat 
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flows  from  the  gases  to  the  inner  chamber  liner  Increase  and  may 
attain  such  great  magnitudes  that  It  becomes  disadvantageous  or  Im¬ 
possible  to  remove  the  required  amount  of  heat  from  the  liner  by 
purely  regenerative  cooling.  Moreover,  many  propellant  components, 
because  of  their  physical  and  chemical  properties,  are  of  little  use 
for  regenerative  engine  cooling  (liquid  oxygen  Is  an  example). 

In  these  cases,  as  well  as  when  It  Is  necessary  to  relieve  the 
conditions  of  regenerative  engine  cooling.  In  addition  to  the  latter  we 
often  protect  the  chamber  liner  against  overheating  by  means  of; 

1 )  developing  a  vapor-gas  or  liquid  curtain  (film)  around  the 
flame- tube  surface  by  constantly  feeding  combustible,  in  Small 
amounts,  to  the  chamber  wall-side  gas  layer  either  through  Injectors 
Installed  along  the  periphery  of  the  chamber  head  or  through  special 
slots  or  orifices  arranged  In  belts  around  the  chamber  liner  (Pig.  9,1) 

2)  Insulating  the  Inner  siu»face  of  the  chamber  liner  from  the  hot 
gases  by  a  special  coating  (of  ceramic,  graphite,  tungsten  carbide, 
silicon,  or  metallic  oxides); 

3)  deliberately  Impairing  the  cycle  In  the  combustion  chamber 
(when  operating  on  a  given  fuel)  by  excessive  Increase  In  the  excess  co¬ 
efficient  of  one  of  the  propellant  components  or  by  adding  water  to  a 
component  to  decrease  the  combustion  temperature. 

Piotectlng  the  chamber  liner  against  overheating  by  means  of  a 
film  of  combustible  Is  quite  effective.  Ihe  efficiency  of  this  method 
depends  on  the  type  of  liquid  used,  the  amount  of  liquid  used  to  form 
the  film,  and  the  method  ahd  place  of  film  formation. 

For  example.  In  an  engine  with  a  ground -level  thrust  of  10  tons, 
operating  with  a  value  of  Pj^  =  25  atm  abs  and  using  a  combustible  of  • 
Tonka-250  and  an  oxidizer  consisting  of  &Q%  of  HN02+205i  of  NgOj^,  a 
curtain  of  combustible  on  the  chamber-head  side  provides  a  decrease  In 
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Pig.  9»1*  Slnqpllf led  dia¬ 
gram  of  an  engine  with 
belt  method  of  protecting 
the  chamber  liner  against 
overheat  liiLgg^ 

l)  Ifydrogen -peroxide  vapor- 
gas  generator;  2)  oxidizer 
pump;  3)  vapor-gas  turbine; 

4)  combustible  pump;  5)  hy¬ 
drogen-peroxide  piimp;  6) 
turbine -exhaust  vapor  gas; 

7)  feeding  of  combustible 

to  form  protective  curtains; 

8)  engine  chamber  with  two 
belts  of  slots  for  Internal 
protection  of  the  liner  against 
overheating  by  means  of  a  film 
of  combustible. 


gas  temperature  In  the  wall- side 

layer  of  the  combustion  chamber 

of  up  to  1300-1400°K,  when  the  value 

of  the  fuel -composition  coefficient 

Xg^*  =  1.3-1. 5  whereas.  In  the  core 

of  the  stream,  the  gas  has  a  temper- 

o 

ature  of  about  2600-3000  K,  when 
Xya**  =  3. 8-4. 4. 

The  development  of  a  continuous 
thin  protective  layer  on  the  entire 
surface  of  the  combustion-chamber 
and  nozzle  liners  presents  the 
greatest  difficulties  In  developing 
the  curtains.  It  Is  obvious  that  the 
closer  to  each  other  the  belts  for 
feeding  the  liquid  to  the  curtain  are 
located,  the  easier  It  Is  to  develop 
a  continuous  thin  film  curtain  with 
a  small  amount  of  liquid. 

A  curtain  developed  by  Injecting 
a  small  amount  of  combustible  through 
the  chamber-head  Injector  la  of  little 
use,  since  It  Is  blown  away  by  the 
turbulent  stream  of  the  gas  core. 


Reverse  gas  currents  always  occur  close  to  the  head,  and  these  also 


[XcT  “  ^st  “  ^stenka  ”  ^all'  ^ 
“  ^a  ”  Vadro  “  ^core*  ^ 
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tend  to  wash  the  protective  curtain  away.  Besides,  a  small  amount 
of  the  atomized  basic  fuel  components  (combustible  and  oxidizer)  fall 
on  the  chamber  walls,  and  the  curtain  mixes  with  these  and  Is  partially 
consumed,  as  a  consequence  of  which  Its  operating  efficiency  Is  de¬ 
creased  still  further.  However,  this  method  of  developing  a  protective 
curtain  Is  extremely  simple  from  the  structural  point  of  view  and  Is 
therefore  recommended  for  use  In  engines  which  have  flat  combustion- 
chamber  heads. 

When  protective  curtains  are  used,  the  engine  operating  economy 
Is  somewhat  decreased,  since  the  combustible  expended  In  forming  the 
curtains  usually  does  not  burn  and.  In  general.  Is  a  fuel-energy  loss 
for  the  engine. 

A  film  curtain  developed  by  means  of  special  belts  in  the 
chamber  liner  Is  more  economical,  but,  structurally,  relatively  complex. 
Water  or  gas  also  may  be  used  for  formation  of  the  curtains.  By  Internal 
protection,  the  chamber  liner  Is,  at  the  same  time,  preserved  from  the 
corrosive  and  erosive  effects  of  gases. 

The  use  of  a  solid  coating  to  Insulate  the  Internal  liner  surface 
from  gas  heat  Is  accompanied  with  great  difficulties  of  a  technological 
and  operational  nature,  since  It  Is  difficult  to  preserve  the  strength 
of  such  a  coating.  As  a  rule,  the  use  of  refractory  materials  (ceramics 
and  the  like)  for  this  purpose  Is  limited  by  their  sensitivity  to  the 
chemical  reaction  of  the  products  of  fuel  combustion  6Lnd  to  a  heat 
"shock. "  Unavoidable  changes  In  the  temperature  of  the  Insulating 
material  may  lead  to  liner  cracking  or  chipping,  which  cause  local 
chamber-liner  burnouts. 

The  efficiency  of  this  method  of  protecting  the  chamber  liner 
against  overheating  depends  on  the  physical  properties  of  the  Insulating 
materials  (thermal  e;q>anslon,  thermal  conductivity,  temperature 
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dlffuslvlty,  mechanical  strength,  etc.  ). 

Ihe  use  of  chamber-liner  gas- side  surface  coatings  that  are 
resistant  to  high  tarn  eratures  will  not  be  further  considered,  since 
we  lack  sufficient  data  concerning  the  structural,  technological,  and 
operational  properties  of  such  coatings. 

At  high  tenperatures,  the  most  stable  materials  are  the  oxides 
of  magnesl\im  (melting  point  2800°C),  thorium  (2800°C),  and  hafnium 
(2812®C). 

nie  materials  with  the  highest  melting  points  are  the  carbides 
of  zirconium  (3550®C),  niobium  (3500°c),  tantalum  (3900°C),  and 
hafnium  (4l60°C);  the  nitrides  and  borides  of  hafnium  have  melting 
points  of  2307-3062°C. 

Graphite  Is  exceptionally  stable  at  high  temperatures  (up  to 
3800°C),  but,  unlike  the  other  materials  mentioned  above.  It  has 

i 

a  high  thermal-conductivity  coefficient  and  cannot  be  used  as  an 
Insulator. 

Deliberate  combustion- cycle  Impairment  was  used  In  the  early 
stages  of  development,  when  the  cooling  problem  appeared  Insur¬ 

mountable,  but  Is  now  Justified  only  In  exceptional  cases. 

At  the  contemporary  stage  of  Zh^  development,  we  must  seek  more 
radical  means  of  protecting  the  liner  from  overheating. 

Obviously,  the  sweat  method  of  cooling  an  engine  chsunber  may  be 
quite  effective.  In  this  method,  the  Inner  liner  of  the  chamber  or 
nozzle  Is  made  of  a  porous  material.*  The  coolant  penetrates  Into 
the  chamber  through  the  pores  In  this  liner,  thereby  cooling  the  liner 
auid  forming  a  vapor  curtain  around  the  surface  of  the  flame  tube. 


*  Ekspress-lnformatslya,  AN  USSR,  No.  2,  RT-58,  1957. 


-  560  - 


which  decreases  the  heat  transfer  from  the  gases.  Although  this  method 
of  cooling  has  passed  preliminary  tests,  so  far  It  has  not  been  per¬ 
fected. 

The  prospects  of  using  porous  materials  for  Inner  chamber  liners 
depend  on  their  properties  and  on  the  technology  of  their  manufacture. 
The  great  shortcoming  of  porous  materials  lies  In  the  fact  that  as  the 
engine  operates  their  pores  rapidly  become  dirty  and  clogged,  so  that 
the  liner  may  burn  throvigh  In  this  place. 

The  efficiency  of  sweat  cooling  depends  on  the  nature  of  the  porous 
liner  material  and  the  physical  properties  of  the  coolant.  The  greater 
the  density  of  the  coolant,  the  lower  the  temperature  of  the  surface  of 
the  porous  flame  tube  will  be.  At  a  given  density  of  liquid,  cooling 
efficiency  Is  a  function  of  the  temperature  and  velocity  of  the  gases 
Inside  the  engine  chamber. 

The  consiimptlon  of  liquid  for  cooling  a  porous  engine  nozzle 
amounted  to  about  of  the  flow  rate,  by  weight,  of  the  combustible  to 
the  combustion  chamber  In  one  of  the  experiments.* 

In  practice,  the  efficiency  of  the  film  and  the  sweat  methods 
of  cooling  may  become  perfected  bo  such  a  degree  that  extremely 
high  temperatures  will  be  safe  for  the  Inner  liner. 

Under  the  same  conditions,  film  cooling  and  sweat  cooling  can  pro¬ 
vide  about  the  same  decrease  in  heat  transfer  from  the  gases  to  the 
liner.  However,  they  are  uneconomical  and  therefore  may  be  recommended 
only  In  case  of  extreme  necessity,  when  one  cannot  manage  with  purely 

*  Ekspress-lnformatslya,  AN  USSR,  No.  2,  RT-58,  1957 
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regenerative  cooling  or  it  is  expedient  to  relieve  the  operating 
conditions  of  the  engine -chamber  inner  liner. 

By  knowing  how  to  use  all  methods  of  protecting  the  chamber  liner 
against  overheating,  one  may  plan  and  develop  an  engine  which  is  reliable 
and  economical  in  operation,  with  a  small  specific  weight  for  the  fuel- 
feed  system  and  a  small  expenditure  of  energy  In  servicing  It. 

It  is  possible  to  cool  the  zone  of  the  nozzle  throat  In  the 
presence  of  great  local  heat  flows  >  l4*10^  kcal/m^  hr)  even 

without  protective  curtains  of  combustible,  using.  In  this  case,  a 
special  thin -walled  engine -chamber  construction,  or  making  the  Inner 
liner  of  copper  (for  alcohol -oxygen  engines),  but  in  the  majority  of 
cases  a  copper  chamber  liner  Is  very  complex  from  the  technological 
point  of  view  and  does  not  give  any  noticeable  gain  in  comparison 
to  a  steel-chamber  liner. 

With  a  connected  system  of  steel  chamber  liners,  the  thickness 
of  the  Inner  liner  for  an  engine  of  any  thrust  can  be  1  mm,  although 
for  great  thrusts  It  Is  advisable  to  make  the  liner  thicker  than  1  mm.* 

As  we  develop  a  cooling  system,  decisions  made  regarding  type 

of  cooling  system  and  coolant,  additional  cooling  by  fllm-coollng 
methods,  etc.,  depend  on  general  engine  plan,  thrust  magnitude,  type  of 
propellant,  combustion-chamber  pressure,  and  engine  designation,  as  well 
as  coodsustlon-chamber  pressure,  and  engine  deslgpiatlon,  as  well  as  com¬ 
bustion-chamber  and  nozzle  design. 

Each  engine -cooking  problem  must  be  Individually  solved  in  each 
separate  case,  as  we  have  not  yet  found  an  efficient  method  for  solving 
them  in  totality. 

*  0.  B.  Slnyarev  and  M.  V.  Dobrovol 'skiy.  Zhldkostnye  raketnye  dvigatell 
[Liq^id«propellant  rocket  engines],  Oborongiz  [State  Publishing  House 
of  the  Defense  Industry],  1937« 
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If  the  engine  operating  time  Is  not  long  (up  to  5-15  seconds) 
or  If  the  thermal  regime  Is  Insignificant,  one  can  get  along  without 
cooling  the  chamber,  using  a  material  with  either  a  small  or  a  large 
thermal -conductivity  coefficient  for  the  chamber  liner.  With  a  small 
thermal -conductivity  coefficient,  the  liner  material,  of  some  thick¬ 
ness,  will  gradvially  warm  up,  melt,  and  be  blown  away  by  the  gas  stream; 
this  is  accepted.  If  the  liner  thickness  does  not  decrease  below  a  safe 
minimum,  nor  the  liner  overheat,  losing  Its  strength.  The  geometrical 
dimensions  and  parameters  of  the  engine  chamber  are  changed  at  the 
same  time.  A  chamber  liner  of  considerable  thickness,  made  of  heat- 
conducting  material.  Is  capable  of  heating  up  and  accumulating  heat 
In  Itself  for  some  time  without  Increasing  the  gas-side  surface 
temperature  above  a  permissible  limit. 

One  can  greatly  increase  engine  operating  time  by  using  re¬ 
fractory  materials  with  a  comparatively  small  thennal  conductivity. 

Many  materials  are  known  to  have  yeir  high  melting  points,  but  this 
Is  not  the  only  criterion  for  selecting  a  construction  material. 

Qraphlte  gives  relatively  good  results,  especially  when  It  has  a 
sheathing  to  absorb  mechanical  stresses.  Nozzles  made  of  the  carbides  of 
tungsten  and  silicon  operate  satisfactorily  up  to  temperatures  some¬ 
what  lower  than  their  melting  points.  Judging  by  melting  temperatures, 
some  refractory  carbides  and  nitrides  could  resist  the  highest 
tenqperatures  developed  In  ordinary  One  may  considerably  Increase 

the  operating  time  for  uncooled  ZhRD  by  the  use  of  refractory 
materials.  Thus,  for  some  fuels,  engine  operating  time  may  be  In¬ 
creased  to  60  sec. 

Uncooled  chambers  differ  from  cooled  chambers  In  their 

structural  simplicity  and  cheapness.  The  Inner  surface  of  uncooled 
conA}ustlon  chambers  Is  usually  protected  from  the  hot  gas  blasts  by 
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appropriate  materials,  for  the  purpose  of  Increasing  engine 
operating  time. 

SECTION  2.  HEAT -TRANSFER  PROCESSES  IN  A  ZhRD  CHAMBER. 

Heat  transfer.  In  a  llquld-propellant  rocket  engine.  Is  a  complex 
physical  process,  consisting  of; 

1)  the  processes  of  heat  transfer  by  heat  conduction,  con¬ 
vection,  and  radiation  from  the  hot  moving  gas  to  the  Inner  chamber 
liner; 

2)  the  process  of  heat  transfer  by  heat  conduction  through 
the  chamber  liner; 

3)  the  process  of  convective  heat  transfer  from  the  liner  to  the 
liquid  moving  In  the  chamber  coolant  passage. 

In  an  engine,  these  processes  occur  simultaneously  under  con¬ 
ditions  of  the  work  of  friction;  continuous  feeding,  heating,  and 
vaporization  of  fuel;  and  chemical,  thermal,  and  geometrical  reactions 
on  the  parameters  of  the  gas  stream,  with  a  turbulent  motion  of  the  gas¬ 
es  In  the  chamber  and  of  the  liquid  In  the  coolant  passage. 

We  ordinarily  refer  to  heat  transfer  from  the  gases  to  the  chamber 
liner  by  means  of  conduction  (thermal  conductivity)  and  convection  as 
convective  heat  transfer  or  contact  heat  transfer. 

Heat  Is  transferred  by  conduction  of  the  heat  across  the  boundary 
dividing  the  gas  (or  liquid)  from  the  liner. 

With  a  turbulent  stream,  convection  Is  accoiq)llshed  by  means  of 
random  motion  of  the  particles  of  gas  or  of  liquid,  which  carry  heat. 

A  thin  laminar  layer  of  gas,  where  heat  Is  transferred  by  means  of 
molecular  conduction  of  heat  and  turbulent  mixing  of  the  gas 
particles.  Is  located  only  In  close  proximity  to  the  surface  of  the 
liner.  Qas  particles,  as  they  approach  the  chamber  wall,  transfer  their 
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physical  heat  and  kinetic  energy  and  the  heat  liberated  by  their  re¬ 
combination  to  this  layer  of  gas. 

One  may  assume  that  the  processes  of  dissociation  and  recombin¬ 
ation  of  the  gases  occur  very  rapidly  in  the  boundary  layer,  as  the 
gases  are  mixed,  heated,  and  cooled;  therefore  the  composition  of  the 
gas  may  be  considered  as  being  in  a  state  of  equilibrium. 

Since  the  gases  have  a  low  thermal  conductivity  and  mix  poorly, 
a  considerable  temperature  difference  occurs  in  the  laminar  layer  of 
gas  at  great  heat  flows. 

In  contemporary  engines,  the  fraction  of  convective  heat  trans¬ 
fer  from  the  gas  to  the  chamber  liner  amoxmts  to  60-80J^;  the  remain¬ 
ing  part  of  the  heat  is  transferred  from  the  gas  by  radiation. 

Thermal  radiation  is  the  process  of  transferring  heat  from  one 
body  to  another  by  means  of  electromagnetic  waves. 

The  greatest  specific  radiation  heat  flow  occurs  in  a  combustion 
chamber  with  the  greatest  gas  temperature,  and  in  some  engines  amounts 
to  (1.2-2)10^  kcal/m^  hr. 

As  the  gas  temperature  decreases  along  the  length  of  the  chamber, 
the  relative  fraction  of  radiation  heat  flow  also  decreases,  and  in 
the  converging  part  of  the  nozzle  its  magnitude  is  insignificant. 

The  role  of  convection  and  radiation  in  an  engine  heat-transfer 
process  depends  on  the  type  of  fuel  and  its  mixture  ratio,  the  method 
of  atomization,  the  nature  of  fuel  combustion,  and  a  number  of  other 
factors. 

Thus,  for  example,  a  noncarbon-bearing  fuel  (hydrogen  with  oxygen 
or  hydrogen  peroxide)  usually  yields  weakly  luminous  flame,  which 
contains  chiefly  diathermic  gases.  Only  the  water  vapor  yields  a 
noticeable  radiation.  In  this  case,  convective  heat  transfer  con- 
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slderably  exceeds  radiation  heat  trsuisfer  even  In  the  combustion 
chamber. 

A  carbon-bearing  fuel  (for  example,  alcohol  with  oxygen  and, 
chiefly,  hydrocarbons  with  nitric  acid)  gives  a  strongly  luminous 
flame,  which  contains,  to  some  amount,  hot  particles  of  carbon  which 
did  not  burn.  Naturally,  In  this  case,  heat  transfer  by  radiation 
may  be  of  great  significance  In  the  combustion  chamber;  radiation  from 
a  liunlnous  flame  Is  considerably  more  complex  than  gas  radiation. 

Short-wave  chemiluminescent  radiation  (excited  as  the  direct 
result  of  propellant  chemical  reaction)  Is  a  function  only  of  the 
thermal  effect  of  the  reaction;  Its  Intensity  Increases  directly  with 
density.  If  we  consider  partial  fuel  combustion  In  the  engine  nozzle, 
which  leads  to  the  appearance  of  a  liunlnous  flame,  radiation  also  may 
be  of  considerable  Importance  in  the  divergent  part  of  the  nozzle. 

We  call  the  process  of  transferring  heat  from  the  gases  to  the 
coolant  through  the  engines -chamber  liner  the  process  of  heat  transfer. 

In  contemporary  ZhRD,  about  5-105^  of  the  gas  heat  is  trans¬ 
ferred  to  the  coolant. 

The  Intensity  of  the  process  of  heat  transfer  In  an  engine  Is 
given  by  the  magnitude  of  specific  heat  flow  £,  by  which  is  meant  the 
amount  of  heat  which  Is  transferred  during  aui  hour  or  a  second  from 
the  burning  gas  to  one  square  meter  of  the  liner  surface,  or  from 
the  latter  to  the  coolant  (q  kcal/m  hr  or  q  kcal/m  sec). 

Hie  establishment  of  the  cycle  In  a  combustion  chamber  has  a  very 
strong  effect  on  heat  transfer  therein.  The  cycle  Is  vinequal  through¬ 
out  the  length  of  the  combustion  chaiober. 

The  total  specific  heat  flow  throughout  the  length  of  the  engine 
combustion  chamber  and  nozzle  has  a  variable  magnitude,  and  usually 
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attains  Its  greatest  value  Just  before  the  critical  section  of  the 
nozzle,  as  a  result  of  which  the  liner  In  this  section  has  a  very 
high  temperature. 

In  contemporary  engines,  the  convective  specific  heat  flow 
attains  a  value  of  1  •  10^  -  28  •  10^  kcal/m^  hr  in  the  nozzle  throat.* 

Since  the  heat-release  rate  of  the  chamber  liner  varies  through¬ 
out  Its  length,  when  designing  cooling  systems  we  differentiate; 

1)  local  (actual)  specific  heat  flows,  corresponding  to  fixed 
places  (points)  of  the  chamber  liner,  and 

2)  mean  specific  heat  flows,  which  refer  to  a  chamber  liner  of 
given  length. 

Determining  local  specific  heat  flows  from  the  gas  to  the  engine- 
chamber  liner  Is  attended  with  very  great  difficulties,  which  Is  ex¬ 
plained  by  the  complexity  of  the  processes  which  occur  In  the  gas 
boxindary  layer.  Qas  temperature,  pressure,  and  velocity  are  continuous¬ 
ly  changing  In  this  layer  because  of  fuel  combustion  and  consunflptlon, 
heat  transfer  to  the  liner,  recombination  of  gas -dissociation  pro¬ 
ducts,  friction,  and  other  phenomena.  In  practice,  we  find  that 
complete  quantitative  evaluation  of  these  phenomena  Is  Impossible. 

For  this  reason,  when  designing  an  engine  cooling  system,  we 
must  use  empirical  formulas  and  experimental  data  which  are  still 
not  sufficiently  validated. 

Since  it  Is  Impossible  to  determine  accurately  the  composition 
and  parameters  of  the  gas  throughout  the  length  of  the  combustion 
chamber,  when  designing  cooling  systems,  we  must  consider  the 

specific  heat  flow  from  the  gas  to  the  liner  as  constant  through- 

*  Jet  Propulsion,  v.  28,  No.  1,  1958 
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Fig.  9*2.  Scheme  of  temperature  dis¬ 
tribution  In  the  heat-transfer  system 
of  a  ZhRD  chamber  with  a  solid  Inner 
llner^ 

1)  Inner  chamber  liner;  2)  gas  stream; 
3)  gases;  4)  liquid  stream;  5)  outer 
chamber  case;  6)  surrounding  medium; 

7)  laminar  boundary  layers  of  the  gases 
and  the  coolant. 


out  the  length  of  the  combustion  chamber,  ajid  equal  to  the  heat- flow 
value  which  was  conqputed  In  accordance  with  the  parameters  of  the  gas 
at  the  end  of  a  cylindrical  combustion  chamber,  or  across  the  largest 
cross  section  of  a  spherical  or  elliptical  combustion  chaniber. 

One  may  determine  the  parameters  of  the  gas  throughout  the  length 
of  the  nozzle.  In  approximation^ by  using  the  formulas  given  In  Section 
6,  Chapter  3* 

Methods  for  determining  specific  heat  flows  throug^hout  the  length 
of  an  engine -chamber  nozzle  are  given  below. 

Since,  as  we  mentioned  above,  the  thlclcness  of  combustion-chamber 
and  nozzle  liners  of  contesq;)orary  engines  Is  very  small  In  cooqparlson 
to  liner  diameter.  In  coo^)utlng  heat  transfer  In  an  engine  we  neglect 
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Fig*  9*3*  Scheme  of  temperature  dis¬ 
tribution  in  the  heat -transfer  system  of 
a  Zh^  chamber  with  a  porous  inner  liner. 

1 j 6ig^-lamlnar  gas  film  *;  2) gases;  3) solid 

liner;  4)liquid;  5)6j^gjjj-lamlnar  vapor-gas 

6) coolant  passes  througjh  liner  pores  into 
engine  nozzle;  7)gases;  8)porous  liner. 

the  effect  of  liner  curvature  on  the  process  of  heat  transfer,  and 
consider  the  liner  as  being  flat. 

The  temperature  in  the  separate  parts  of  the  system  (according  to 
the  thickness  of  the  heat  layer)  is  also  included  among  the  number  of 
the  basic  bharacterlstlcs  of  heat  transfer  in 

Figures  9*2  and  9*3  show  the  change  in  temperature  in  the  heat- 
transfer  system  of  a  assuming  flat  solid  and  porous  chamber 

liners. 

The  following  designations  are  used  in  these  figures: 
t  temperature  of  the  gas,  determined  by  the  appropriate 

O 

computation; 


* 

»* 


jiaw 
"r  - 


-  6 
^g 


lam 
-  t 


-  6 


gaz 


lamlnamyy 

-  t 

gas 


5 


laminar 
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t'  -  actual  teiQierature  of  the  moving  gas; 

O 

t_  _*  -  ten5)erature  of  the  gas- side  surface  of  the  chamber  liner; 
^p.zh**  -  coolant-side  (liquid  side)  ten^erature  of  the  surface  of 
the  chamber  liner. 

t^h*** ****  “  coolant  tenq^erature  (mean  temperature  throughout  a 
section  of  the  flow  In  a  given  portion  of  the  liner  length; 

-  velocity  of  coolant  flow  In  m/sec  (the  mean  velocity 
across  a  section  of  the  coolant  flow  and  in  a  given  section  of  the  ' 
liner ' length) ; 

w  -  gas  velocity  In  the  engine  combustion  chamber  or  In  the 

O 

nozzle ; 

d  -  thickness  of  the  combustion-chamber  or  nozzle  liner.  In 
meters  [sic]; 

«  thickness  of  the  outer  case  (Jacket); 

-  Inter- Jacket  clearance  for  coolant  flow; 

6^  „  -  thickness  of  laminar  gas  film; 
p.g 

6p  -  thickness  of  liquid  film; 

-  coefficient  of  heat  transfer  from  the  gas  to  the  liner, 
g 

nvunerlcally  equal  to  £  when  g  “  characterizing  the 

Intensity  of  heat  transfer  between  the  gas  and  the  liner  surrounding 
It  (the  amount  of  heat  which  Is  transferred  from  the  gas  to  one  square 

*  ^n.f  ^p.g  "  ^poverkhnost ’  gazovaya  ”  ^surface  gas-side 
t  «  t  —  t  —  t 

n.x  p.zh  poverkhi'iost 'Zhidkos  tnaya  surface  coolant -side 

**#  -  tjhldkost'  *■  ^coolant 

****  6-6-6».wi  -6.  li. 

p  r  rubashka  Jacket 
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meter  of  the  liner  surface  during  an  hour  at  a  temperature  difference 
between  the  gas  and  the  liner  surface  of  1°C),  in  kcal/m^  hr®Cj 

-  coefficient  of  heat  transfer  from  the  liner  surface  to  the 

coolant; 

Y  -  liner  thermal- conductivity  coefficient  (the  amount  of 

2 

heat  transferred  within  one  hour  across  a  liner  area  of  1  m  ,  with  a 
liner  thickness  of  1  m  [sic]  and  a  temperature  difference  between  the 
liner  surfaces  of  1°C)  in  kcal/m  hr®C;  and 

q  -  specific  heat  flow  from  the  gas  to  the  liner  and  from  the 
liner  to  the  coolant  in  a  direction  perpendicular  to  the  surface,  in 
kcal/m  hr. 

The  curves  in  figures  9*2  and  9*3  show  that  resistance  to  the  heat 
flow  in  the  engine  is  the  sum  of  the  resistances  of  the  layer  of  hot  gas, 
the  liner  material,  and  the  layer  of  coolant. 

The  change  in  temperature  across  the  thickness  of  a  flat  liner, 
is  characterized  by  some  curve,  slightly  convex  or  concave, 
depending  upon  whether  the  liner-metal  thermal-conductivity  coeffi¬ 
cient  increases  or  decreases  with  a  change  in  temperature. 

For  simplicity  in  computations,  we  assume  that  a  change  in  temper¬ 
ature  throughout  the  length  of  the  flat  engine -chamber  liner  occurs  in 
accordance  with  the  linear  law. 

At  great  heat  flows,  the  temperature  difference  between  the  gas- 
side  and  the  liquid-side  surfaces  of  the  chamber  liner  may  become 
substantial,  commensurable  with  the  tenqperature  difference  in  the 
boundary  layers. 

Some  common  temperature  is  established  on  the  surfaces  where  the 
two  adjacent  layers  (liner  surface  gas  or  liquid)  are  in  contact.  A 
sharp  decrease  in  tenqperature  occurs  in  the  laminar  layers  of  g^s  and 


liquid,  close  to  the  liner  surface. 

The  basic  temperature  difference  Is  found  at  the  boundary'  layer  of 
gas  at  the  surface  of  the  liner.  The  gas  moves  turbulently  along  the 
liner  surface,  shifting  closer  to  it,  to  a  laminar  motion.  If  there  were 
no  heat  transfer  from  the  gas  to  the  line r^ the  gas  temperature  around 
the  liner  surface  would  be  raised  almost  to  the  deceleration  ten^era- 
ture  appropriate  for  a  case  when  there  was  no  heat  transfer  (to  the 
value  of  the  thermodynamic  temperature  In  the  combustion  chamber  ob¬ 
tained  during  the  thermodynamic  computations  for  the  engine).  In  a  real 
engine  chamber,  heat  is  transferred  from  the  gas  to  the  liner,  because 
of  which  the  thermodynamic  gas  temperature  close  to  the  liner  does 
not  rise  to  the  value  of  the  temperature  of  an  adlabatlcally  deceler¬ 
ated  gas,  but,  passing  some  maximum  value,  is  sharply  decreased  by 
several  hundred  degrees  in  the  thin  laminar  gas  layer,  corresponding 
to  its  proximity  to  the  surface,  and  adhering  to  the  ordinary  temper¬ 
ature  profile,  as  described  earlier,  at  the  surface  of  the  liner  it¬ 
self  (See  Fig.  9.2). 

Because  a  simultaneous  quantitative  evaluation  of  the  effect  of 
various  factors  on  heat  transfer  in  a  ZhRD  chamber  is  not  possible, 
in  the  design  of  a  chamber- liner  cooling  system,  we  generally  proceed 
from  the  hypothesis  that  convective  and  radiative  specific  heat  flows 
are  independent  of  each  other,  that  fhe  averaged  temperature  remains 
constant  throughout  the  entire  volume  of  the  moving  stz*eam;  moreover, 
we  do  not  take  into  consideration  the  features  of  heat  transfer 
associated  with  the  hydrodynamics  of  the  stream,  which  in  fact  plays 
an  important  z*ole  in  the  formation  of  the  temperature  field. 

A  temperatuz*e  field  in  a  heat-transfer  system  may  be  a  function  of 
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one,  two,  or  three  coordinates,  amd  therefore  Is  called  a  one-dlmenslonal , 
■two-dimensional  or  three- dlmena^onal  temperature  field,  respectively. 

The  equation  of  a  one- dimensional  temperature  field  has  the 
•  simplest  form: 

t  =  f(x).  (9.1) 

In  general,  temperature  Is  a  function  of  spatial  coordinates  x, 
y,  z  and  of  time  t,  i.e., 

t  =  f(x,y,z,T).  (9.2) 

In  designing,  we  must  deal  with  a  one- dimensional  tempera¬ 

ture  field. 

If  the  temperature  In  each  point  of  the  system  does  not  change 
with  regard  to  time,  the  temperature  field,  and  the  heat-transfer 

process  corresponding  thereto,  is  called  steady- state  or  stationary, 
or  In  the  opposite  case,  unsteady- state  or  nonstationary. 

In  cooled  engines,  operating  In  fixed  regimes,  the  heat -transfer 
system  has  steady -state  temperature  fields,  auid  In  uncooled  engines, 
unsteady-state  tanQTeratiire  fields. 

The  geometrical  locations  of  the  points  of  a  system  having  the 
sane  teoqperature  foxm  Isothermal  surfaces.  A  change  In  temperature.  In 
a  heat-treuisfer  system,  occurs  only  In  directions  Intersecting  Iso¬ 
thermal  sxirfaces  (in  direction  x.  Fig.  9.2). 

The  limit  of  the  ratio  of  temperature  change  At  to  the  distance 
Ax  between  Isotherms  along  the  normal  Is  called  the  temperature  gradient. 

nie  tesverature  difference  between  Isothermal  surfaces  In  a  sys¬ 
tem  being  studied  Is  called  the  temperature  difference  and  Is  desig¬ 
nated  as  At  (see  Figures  9*2  and  9*  3)* 

The  rate  at  which  temperature  levels  off  In  a  uniformly  heated 
body  Is  characterized  as  the  coefficient  of  thermal  dlffuslvltyt 


where  C  Is  the  mean  heat  capacity  of  the  body  at  a  constant  pressure, 
in  kcalAg°C;  and  7  Is  the  specific  weight  of  this  body  in  kg/m^. 

The  higher  the  thermal-dlffuslvlty  coefficient  is  for  a  given 
body  (gas,  liquid,  or  metal),  the  greater  the  rate  of  temperature  dis¬ 
tribution  therein. 

A8s\iinlng  a  steeidy -state  heat-transfer  process  in  a  Zhggj  the  specific 
heat  flow  from  the  gases  to  the  chamber  liner  is  equal  to  the  specific 
heat  flow  across  the  liner  to  the  coolant. 


2.  Across  the  chamber  liner: 

kcal/m^  hr.  (9.6) 

3.  From  the  chamber  liner  to  the  coolant: 

kcal/m^  hr,  (9.7) 

where  is  the  coefficient  of  radiation  heat  transfer  from  the  gases 
to  the  chamber  liner,  in  kcal/m^  hr®C. 


*  “  “^r  ”  “radlatslonnyy  ”  “radiation’ 
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From  these  equations  of  specific  heat  flows,  we  obtain  the  follow- 
ihg  temperature  differences  in  an  engine  heat-transfer  system; 

and 

•f  A  ^ 

Adding  this  system  of  equations,  we  obtain  formulas  for  determin¬ 
ing,  In  a  Zh^  heat-transfer  system: 

1)  Total  temperature  difference 

<r— (9*8) 

2)  Heat  flow  from  the  gases  across  the  liner  to  the  coolant 


j - \ — p-*(<,-01*cal/m2 


(9.9) 


+  7*^ — 

•r  ^  •«  . 

Where  It-- - - -  which  Is  the  coefficient  of  heat-transfer 

~  +—  +  — 

**  from  the  gas  through  the  chamber  to  the 


coolant.  In  kcal/m^  hr°C. 


Mutoimim 


3]  Hompa  cMmit  cam  /» tarn 


Fig.  9.4.  Approximate  dis¬ 
tribution  of  specific  heat 
flows  throughout  the  length 
of  an  engine  nozzle. 


1)  q,  kcal/m^  hr 

2)  engine  nozzle 

3}  number  of  nozzle  sections 
In  accordance  with  length 


1 ) 


Fig.  9*5  Approximate 
distribution  of  speci¬ 
fic  heat  flows  through¬ 
out  the  length  of  a 
chamber  nozzle  for  a 
nltrlc<«cld  engine,  at 
Pj^  40  atmospheres  ab¬ 
solute  and  various  fuel- 
mlxture  ratios,  that  Is, 
X....at  the  chamber-liner 


wall. 


1)  q- 
2}  nc 


16”^  kcal/m^‘  hr 


nozzle  contour 
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me  quantity  that  la  the  reciprocal  of  the  coefficient  of  heat 


transfer  k,  l.e.. 


( 


« 


Is  called  the  theriKtl  resistance  of  heat  transfer. 


(9.10) 


Figure  9.4  shows  the  distribution  pattern  of  specific  heat  flows 


throughout  the  length  of  an  engine -chamber  nozzle  at  a  given  fuel- 
mlxture  ratio  x*  sjid  Figure  9.5  shows  the  same  for  different  values 

of  X. 

SECTION  3.  REQUIREMENTS  IMPOSED  ON  A  ZhRD  REGENERATIVE  COOLING 
SYSTEM. 


QKucn/ceii  1 ) 


Fig.  9.6.  Change  In  total 
available  heat  flow  (Op^gp 

kcal/sec)  to  be  removed  from  a 
liner  and  total  maximum  x>o8- 
slble  heat  removal  by  means  of 
given  qu€uitlty  of  the  combus¬ 
tible  kcal/sec),  the 

oxidizer  (Oyoziiuo  kcal/sec), or 

the  propellant  (O^ozBut 

kcal/sec),  as  a  function  of 
Pj^.  1)  Q,  kcal/sec;  2)  Pj^, 

atm  abs. 


( 


The  stability  and  reliability  re¬ 
quired  for  prolonged  operation  of 
may  be  provided  only  by  re¬ 
liable  cooling  for  the  engine - 
chamber  Inner  liner. 

An  engine -cooling  system  may 
be  reliable  only  If  It  Is  made 
with  due  regard  to  the  following 
Imposed  requirements: 

1.  the  temperature  of  the  gas-side 
surface  of  the  combustion-chamber 
and  nozzle  liners  must  not  exceed 
a  safe  permissible  limit,  which  Is 
selected  by  assuming  the  required 
strength,  andlby  making  due  allow¬ 
ance  for  possible  erosion  by  the  gas 
stream.  Otherwise,  the  chamber-liner 
material  will,  on  the  burner  side 
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become  softened  and  blown  away  by  the  gas  stream^  which  may  result  In 
wrecking  the  engine. 

Consequently^  In  designing  a  we  must  know  the  temperatures 

at  which  the  various  structural  elements  of  the  engine ^  all  of 
are  subjected  to  erosion  by  the  hot  gases,  begin  to  melt,  become 
plastically  deformed,  and  are  strongly  eroded.  The  values  of  these 
parameters,  as  well  as  the  eroslonal  activity,  are  functions  of  the 
physical  properties  of  the  metal,  the  gafi  velocity  and  composition, 
and  of  other  factors. 

In  practice,  a  safe  permissible  temperature  for  the  engine -chamber 
liner  surface  must  not  exceed: 

a)  550-560°C  for  carbon  steels; 

b)  700-900°C  for  special  heat-resistant  alloy  steels; 

c)  350-450°C  for  copper; 

d)  350-400°C  for  alxaminum  alloys  of  the  AL4  type. 

The  working  temperature  of  the  gas -side  liner  surface,  in  con¬ 
temporary  engines,.  Is  usually  within  the  limits  of  400  to  900®C  (on  the 
average,  about  650°).  At  these  temperatures,  many  materials  have  a 
satisfactory  strength.  However,  the  requirement  for  Increasing  specific 
engine  thirust  by  raising  gas  pressure  In  the  combustion  chamber  and 
using  fuels  of  Increased  heat  capacity,  which  have  high  combustion 
temperatures,  obliges  us  to  search  for  Inner  chamber-liner  materials 
that  permilt  liners  to  be  safely  heated  to ^  higher  temperatuires. 

2.  In  the  usual  plans  for  regenerative  engine -cooling  systems. 

It  Is  necessary  for  the  coolatnt  to  remove  as  much  heat  from  th^ 
liner  as  was  transferred  from  the  hot  gases  to  the  liner,  and  that  the 
temperature  of  the  coolant  In  the  passage  does  not  exceed  Its  boiling 
point  at  the  given  pressure.  Otherwise,  a  vapor  film  may  form  on 
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the  llquld^slde  liner  surface,  which  sharply  decreases  heat  remov¬ 
al  from  the  liner  and  leads  to  the  latter  being  overheated  and  burned 
out. 

This  requirement  Is  filled  when  the  available  heat  flow  (Fig.  9.6) 
from  the  gases  to  the  chamber  liner 

i  kcal/sec 


Is  less  than  the  total  maximum  possible  removal  of  heat  by  the 


given  amount  of  coolstfit 


1.  e. , 


^ftcn  <Q^. 


when  q^  Is  the  specific  heat  flow  In  the  1-th  section  of  the  liner, 

p  p 

Kdiose  surface  Is  equal  to  m  ,  In  kcal/m  per  second;  C  Is  the  mean 

heat  capacity  of  the  coolant  In  the  passage.  In  kcal/kg°C;  Is 

the  coolant  flow  rate,  to  the  engine- chamber  passage,  In  kg/ sec; 

^vkh  coolant  teiqperatTire  at  the  Inlet  to  the  coolant  passage; 
and  tj^p  Is  the  boiling  temperature  of  this  liquid  at  the  pressure  In 
the  passage. 


S?asp  "  S?aspolagayemyy  *  Savallable^ 

'  ^vozm  “  ^vozmoznyy  ®  possible; 

'  ^okhl  “  ^okhlazhdayushchaya  "  ^cooleuitf 
^klp  “  ^klpenlye  ••  ^boiling? 

^vkx  “  ^vhkod  *  ^Inlef'^ 
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The  maximum  possible  specific  heat  removal  for  any  propellant 
component  Is  a  function  of  the  boiling  point  and  heat  capacity  of 
the  component  at  a  given  local  pressure  In  the  coolant  passage  of  a 


chamber  of  reactor. 

Figure  9*6  shows  that  an  engine  may  be  cooled  by  means  of  com¬ 
bustible  alone  If  combustion-chamber  pressure  does  not  exceed  Pj^^' 
means  of  oxidizer  alone  If  p^^  does  not  exceed  Pj^2>  means  of 

both  components  (for  example,  kerosene  euid  nitric  acid)  If  Pj^  does 
not  exceed  p^^.  However,  If  ccmibustlon-chamber  pressure  Is  higher  than 
p^^,  one  must  use  some  special  method  of  protecting  the  chamber 
against  overheating.  In  addition  to  regenerative  cooling. 

3.  The  temperature  of  the  llquld-slde  chamber-liner  surface.  In 
the  ordinary  slotted  coolant -passage  design,  must  not  exceed  the 
coolant  boiling  point,  to  avoid  forming  local  Vapor  locks,  which  are- 
capable  of  causing  the  liner  to  overheat  and  bum  out.  However,  If  the 
coolant  flows  thra\igh  a  sufficiently  narrow  Insulated  channel  and  the 
engine  service  life  Is  short j  In  some  cases  the  liquid-side  liner- surf ace 

f 

temperature  may  exceed  the  coolant  boiling  point,  at  any  given 
coolant  pressure  in  the  passage,  by  approximately  30-50®C. 

One  must  bear  In  mind  that  Increasing  coolant  velocity  in  the 
passage  Is  accompanied  by  an  Increase  In  hydraulic  resistance. 

4.  The  engine -cooling  system  must  not  only  be  reliable,  but  also 
economical,  as  well  as  easily  accomplished  from  the  viewpoints  of 
production  and  operation. 

In  planning  and  designing  engine -chamber  cooling  systems,  one 
must  strive  for  the  following: 

1)  developing  reliable  inner-liner  cooling  throughout  the  entire 
length  of  the  combustion  chamber  and  nozzle; 
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2)  using  low-alloy  or  even  relatively  cheap  carbon  steels 
for  this  liner; 

3)  establishing  minimum  inner  chamber-liner  thickness  in  accord- 
ande  with  the  conditions  required  for  reliable  cooling  and  strength; 

4)  simplifying  the  technology  of  chamber  manufacture. 

The  requirements  for  cooling  systems  which  have  been  en¬ 

umerated  must  be  borne  in  mind  when  determining  specific  heat  flows 
from  the  gases  to  the  chamber  liner  and  from  the  latter  to  the  coolant. 
If  the  computed  parameters  do  not  satisfy  the  requirements  set  down, 
we  must  use  other  methods  to  attain  the  required  results  when  we  de¬ 
sign  an  engine -coo ling  system. 

Our  attempts  to  reduce  engine  dimensions  may  well  result  in  fur¬ 
ther  Increase  in  combustion-chamber  pressure,  even  in  spite  of  the 
complexities  Involved  in  constructing  and  operating  plumbing  that 
works  at  high  pressures. 

If  high  pressure  (for  example,  above  40  absolute  atmospherts )  is 
used  in  a  combustion  ch6unber,  it  may  be  advisable  to'^use  two-  or 
three -stage  engine -chamber  regenerative  cooling  systems  -  low-, 
medium-,  emd  high-pressure  cooling  stages  (using  two-  or  three -st^e 
centrifugal  fuel  punqps). 

The  selection  of  such  an  engine -cooling  system  may  be  conditional 
upon  a  hi^  liner  heat^release  rate  in  the  nozzle-throat  section, 
aside^  from  high  gas  pressure  in  the^  comibastlon  chamber  and  nozzle. 
Although  this  cooling  method  makes  the  system  for  feeding  the 
coolant  more  complex,  since  high  gas  pro's  sure  s  (of  the  order 
of  40  absolute  atmospheres  or  above)  in  the  combustion  chamber  require 
the  use  of  two-or  three -stage  centrifugal  fuel  pumps,  the  system  of 
regenerative  cooling, in  general,  does  not  become  significantly  more 
conqplex,  and,  under  certain  conditions,  may  be  entirely  advantageoiui* 
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A  low-pressure  cooling  stage  may  be  used  for  the  divergent  part 
of  the  engine  nozzle.  When  Pj^  =  40  absolute  atmospheres,  gas  pressure 
In  this  nozzle  section  may  change  within  the  limits  of  approximately 
10  -  0.75  absolute  atmospheres,  and  gas  temperature,  2500-2000^0. 

With  such  gas  parameters  In  the  nozzle  channel.  It  may  be  relllbly 
cooled  at  a  coolant  pressure,  in  the  nolzle  passage,  of  about  15 
absolute  atmospheres.  The  relatively  small  pressure  of  the  liquid  In 
the  coolant  passage  facilitates  using  thln-walled  (of  the  order  of 
1.5-2  mm)  Inner  and  outer  chamber  liners,  which,  with  a  great  nozzle 
length,  considerably  decreases  engine -chamber  weight. 

If  a  one -stage  cooling  system  were  used,  coolant  pressure  In  the 
passage  would  be  of  the  order  of  45  atmospheres  absolute,  and  the 
thickness  of  an  Inner  nozzle  liner,  unconnected  with  a  stress-bearing 
system,  about  twelve  mm.  This,  of  course,  would  lead  to  a  considerable 
Increase  In  nozzle  weight. 

A  medium-pressure  cooling  stage  may  be  used  for  the  subcrltlcal 
part  of  the  nozzle.  This  nozzle  section,  when  Pj^  =  40  absolute  at¬ 
mospheres,  would  be  characterized  by  a  great  linear  gas-pressure  change 
(of  the  order  of  36-10  absolute  atmospheres)  and  by  a  large  Inner 
nozzle-liner  heat-release  rate.  To  decrease  this  heat-release  rate. 

It  Is  advisable  to  make  the  liner  as  thin  as  possible,  as  well  as 
to  relieve  It  from  external  static  load  as  far  as  possible:  l 
Besides  this,  for  better  heat  removal  from  the  liner  to  the  coolant 
It  Is  necessary  that  liquid  pressure  throughout  passage  length  be 
changed  In  accordance  with  gas-pressure  change  In  the  chamber  channel. 

Evidently,  regenerative  cooling  Is  Inadequate  at  high  gas  pres¬ 
sures.  It  may,  therefore,  be  necessary  to  use  some  special  method  of 
protecting  the  liner  against  overheating  In  conjunction  with  regenera- 
tlve  cooling. 
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It  Is  advisable  to  use  a  high-pressure  cooling  stage  for  the 
combustion  chamber.  In  this  area  of  the  engine  chamber «  the  gases 
have  the  greatest  pressure;  for  an  example  under  consideration,  « 

■  40  atm  abs  and  tj^  ■  3000-3500°C. 

A  coolant  flows  from  a  high-pressure  passage  to  a  chamber  head 
8uid  then  through  the  Injectors  to  the  combustion  chamber.  Thus,  liquid 
pressure  In  the  passage  will  be  of  the  order  of  45-50  absolute’^ 
atmospheres. 

The  designing  of  each  engine -cooling  stage  should  be  performed 
separately,  since  Initial  data,  cooling  conditions,  and  requirements 
for  each  of  the  stages  are  different.  In  this  case,  designing  a 
cooling  system  consists  chiefly  of  determining  the  level  of  coolant 
heating  in  the  passage  for  each  stage,  and  the  minimum  inner-liner 
thickness  throughout  the  length  of  the  engine  chamber. 

SECTION  4.  FACTORS  AFPECTINQ  HEAT  TRANSFER  IN  A  ZhRD  CHAMBER 


Fig.  9-7 •  Change  in  tempera** 
tures  of  liquid-side  and  gas- 
side  liner  surfaces  as  a 
function  of  thermal  con¬ 
ductivity  (confuted  data). 

1)  liner-surface  temperatures 

2)  thermal  conductivity 

crease  and  the  temperature  of  the 
For  example,  a  pressure  rise 


The  magnitude  of  total  specific 
heat  flow  from  the  gas  to  the  chamber 
liner,  and  of  gas -side  llner^osurface 
temperature,  is  most  slgnlflcajitly 
affected  by  the  following  factors; 

1.  Qas  pressure,  temperature, 
and  velocity  throughout  chamber 
length.  As  these  parameters  are  in¬ 
creased,  the  fuel -combustion  cycle 
intensifies  considerably,  as  a  re¬ 
sult  of  which  local  specific  heat 
flows  from  the  gas  to  the  liner  in- 
gaa-slde  liner  surface  rises, 
in  a  combustion  chamber,  other  things 
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being  equal,  increases  gas  density  and  mass  velocity,  with  some  rise 
In  temperature,  and,  consequently,  raises  total  specific  heat  flow 
from  the  gas  to  the  liner,  as  well  as  gas-side  and  liquid-side  liner- 
surface  temperatures. 

Experiments  show  that  specific  heat  flow  from  the  gases  to  the 

chamber  liner  changes  In  accordance  with  the  linear  law,  almost  pro- 
o  8 

portional  to  Pj^  *  .A  rise  In  gas  temperature  in  a  combustion  chamber 
by  means  of  using  a  more,  efficient  type  of  fuel  leads  to  the  same 
results  as  raising  p^^. 

The  fact  that  tp  ^  is  a  function  of  engine  operating  conditions 
shows  that  the  use  of  higher  values  of  Pj^  smd  high -efficiency  fuels 
Is  attended  by  the  necessity  of  extremely  Intensive  engine -chamber 
cooling. 

As  gas  velocity  In  the  chamber  increases,  the  thickness  and, 

consequently,  the  heat  resistance,  of  the  laminar  gas  leiyer  at  the 

liner  surface  decreases,  which  Intensifies  convection  heat  transfer 

from  the  gases  to  the  chamber  liner  and  leads  to  an  Increase  In  the 

values  of  q,t^  and  t  .  . 

p.g  p.zh 

Convective  heat  transfer  Is  also  affected  by  the  physical 
properties  of  the  gases,  combustion-chamber  and  nozzle  dimensions  and 
shape,  and  many  bther  factors. 

2.  Chamber-liner  material  thickness  and  thermal  conductivity. 

At  a  given  specific  heat  flow,  the  feasibility  of  local  chamber-liner 
cooling  Is  also  determined  by  liner  thickness  and  the  material  j 
thermal  conductivity,  coolant  physical  properties,  and  permissible* 
hydraulic  loss  In  the  coolant  passage. 

nie  thinner  the  liner  and  the  greater  the  thermal  conductivity  of 
the  liner  material,  the  less  the  tenq;>erature  difference  across  the 
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liner  thlofcnesB  and  the  greater  the  heat  transi'erred  from  the  liner, 
per  unit  time,  ,  to  the  coolant.  Thus,  t  Is  somewhat  Increased 
tp.g#  somewhat  decreased  (Fj.g.  9* 7).  This  means  that  If  the  gas- 
side  liner-surface  temperature,  at  any  place,  exceeds  a  maximum  per¬ 
missible  value,  this  boundai^r  for  reliable  engine  operation  may  be 
raised  by  using  liner  material  with  a  higher  coefficient  of  thermal 
conductivity. 

Consequently,  It  Is  advisable. to  make  the  Inner  chamber  liner 
as  thin  as  possible,  from  a  material  with  the  greatest  possible  thermal- 
conductivity  coefficient.  However,  one  must  bear  In  mind  that  metals 
having  a  large  thermal -conductivity  coefficient,  as  a  rule,  have  limited 
strength.  In  practice,  one  may  develop  an  engine  chamber  with  a 
relatively  thin  liner  by  making  the  liner  structurally  Interconnected 
with  a  stress -bearing  system,  or  by  making  the  liner  of  rectangular 
nickel  (or  even  copper)  tubing.  After  having  bonded  such  shaped  tubing 
together  along  Its  length,  one  may  develop  the  required  chamber  con¬ 
tour  with  a  smooth  burner-liner  surface. 

nxe  coolant  flows  Inside  these  tubes. 

In  order  to  Increase  tubing  rigidity  smd  resistance  to  the  pres- 
8\ire  of  the  coolant  Inside,  we  cover  the  tubing  segments  with  special 
Jacketing  rings  made  of  welded  steel  or  of  plastic  reinforced  with 
fiber-glass.* 

According  to  data  from  the  foreign  press**,  when  this  tubing  has 
a  wall  thickness  of  0.75  -  1»25  mm,  one  may  safely  develop  gas  tempera¬ 
tures  of  up  to  3400-4000°C  In  such  a  combustion  chamber,  with  a  con- 

*  Problems  of  Rocket  Engineering,  No.  6,  IL,  1956 

**  loc.  clt. 
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slderable  Increase  In  pressure  and  a  relatively  small  specific  weight. 
Another  advantage  for  tube  construction  of  the  coolant  passage  and 
Inner  chamber  liner  lies  In  the  fact  that  It  may  be  used  In  engines 
of  great  thrust  without  a  significant  change  In  tube  dimensions  and 
thickness. 


«)») 


j  j. 

I  I  I 

Ob) 


Fig.  9.8.  Z^W-chamber  coolant  passage  shapes. 

1)  Inner  chamber  liner;  2)  outer  chamber  liner 
3)  clearance  for  coolant;  4)  coolant  channel 
5)  adjusting  rod. 

3.  Structural  shape  and  degyee  of,  flnlshlrtg  of  engine -chamber 
and  nozzle  coolant -pas sage  surface.  These  factors  have  a  significant 
Influence  on  the  nature  of  the  coolant  movement  In  the  passage  and 
the  magnitude  of  heat  transfer  from  the  chamber  liner. '  fbr  ex¬ 
ample ,  a  spiral  chamber-coolant  passage  has  a  greater  heat-transfer 
surface  from  the  liner  to  the  coolant  than  a  slotted  passage  (Plg.  9.8) 
which  leads  to  some  Increase  In  q  and  t^  as  well  as  a  decrease  In 


With  a  smoother  chamber-liner  surface,  a  thinner  liquid  laminar 
layer  Is  attained,  which  facilitates  convective  heat  transfer  between 
the  liner  and  the  liquid  and  leads  to  the  same  results  as  using  a 
spiral  passage  for  cooling  the  liner. 


Thus,  with  a  spiral  passage  and  a  smooth  llg^ld-slde  liner  sur- 


face,  we  can  somewhat  relieve  engine -chamber  cooling-system  conditions. 
However,  we  must  remember  that  using  a  special  paussage  almost  always 
entails  an  Increased  conqplexlty  In  engine -chamber  structure,  as  well 
as  higher  cost, 

4.  Coolant  physical  properties  and  velocity  In  the  coolant 
passage.  The  physical  properties  of  a  coolant  (thermad'- Conductivity, 
heat  capacity,  specific  weight,  thermal  dlffuslvlty,i6und  viscosity) 
havea  considerable  Influence  on  heat  transfer  In  a  ZhJRD  chamber.  . > 
If  a  liquid  has  higher  thermal  conductivity,  heat  capacity, 
specific  weight,  and  boiling  point  at  a  given  pressure  In  the  chamber 
coolant  passage,  and  has  a  lower  viscosity  than  other  liquids.  It  will 
have  batter  cooling  properties  than  these  other  liquids. 

As  we  have  already  mentioned  above,  water  has  the  best  cooling 
properties,  and  after  It,  In  descending  order,  metijiyl  alcohol,  nitric 
acid,  ethyl  alcohol,  and  kerosene. 

By  raising  coolant  temperature,  we  decrease  the  viscosity  and  In¬ 
crease  the  quantity  of  heat  transferred  by  conduction  and  convection 

from  the  liner,  as  a  result  of  vAilch  t_  _  Is  somewhat  decreetsed.  This 

P»  8 

Indicates  that  a  hotter  liquid  has  better  cooling  properties. 

As  we  Increase  coolant  velocity  In  the  passage,  we  decrease  the 
thickness  of  the  laminar  liquid  layer  around  the  liner,  and^as  a  re¬ 
sult  of  this,  heat  removal  Increases  and  t  decreases,  with  some 

F*  & 

Increase  In  the  value  of  q. 

Thus,  by  decreasing  the  flow-through  section  of  the  coolant 
passage,  and,  by  this  me€uis.  Increasing  velocity,  we  may  maintain  a 
given  value  of  t  .  However,  one  must  bear  In  mind  that.  In  practice, 

•  O 

It  Is  possible  to  Increase  w^^  only  by  increasing  liquid  pressure 
difference  across  the  coolant  passage,  and,  consequently,  by  in- 
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creasing  the  fuel-feed  system  weight  and  cost. 

The  higher  the  coolant  pressure  In  the  passage,  the  higher  Its 
boiling  point,  and  the  greater  the  maximum  possible  specific  heat 
removal  (maximum  possible  removal  of  heat  per  kilogram  of  liquid). 

5.  Engine -chamber  liquid-side  liner-surface  temperature. 

In  the  pTOcess  of  heat  transfer  from  the  chamber  liner  to  the 
coolant,  at  a  given  coolant  pressure  In  the  passage.  Instances  are 
possible  when  tp  greater  than  tj^j^p  or  tp^^j^  Is  greater 


than  tj^j^p. 

In  the  first  case,  (tp  greater  than  tj^j^p)  It  Is 

Impossible  for  the  liquid  In  the  passage  to  begin  to  boll.  In  the 
second  case,  (tp  Is  greater  than  tj^j^p)  the  coolant  csui  begin  to 
boll  on  the  liner  surface.  If,  In  this  case,  the  coolant  terapera- 
ture^ln  the  basic  core, Is  lower  than  the  boiling  point,  the  friable 
bubbles  of  vapor  which  have  been  formed  on  the  liner  surface  will  be 
washed  away  by  a  denser  and  hotter  turbulent  liquid  flow  and  con¬ 
densed  therein. 

Because  of  this  nucleate  boiling  of  the  liquid  on  the 
liner  surface,  the  heat-transfer  coefficient  Increases  consider¬ 
ably  If  the  value  of  the  coolant  velocity  In  the  passage  remains  vin- 
changed  (Pig.  9.9).  Thus,  t  will  decrease  slightly  and  q  will  In- 
crease  conalderably.  However,  after  heating  has  reached  a  certain 
temperature  limit.  Intensive  liquid  boiling  on  the  liner  svirface  may 

r 

lead  to  a  violent  formation  of  a  vapor  film  that  will  not  be  washed 
away  by  the  liquid  flow,  and  the  film,  due  to  poor  thermal  conductiv¬ 
ity,  causes  heat  removal  from  the  liner  to  deteriorate  considerably, 
which,  as  a  result,  may  cause  the  liner  to  overheat  and  bum  out. 
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The  probability  of  vapor-fllm 
foztnatlon  Is  also  a  function  of  the 
coolant  velocity  and  the  degree  of 
chamber-llnerj  surface  finishing,  as  a 
rough  surface  makes  the  flow  turbulent. 
At  present  It  Is  loqposslble  to  ascer¬ 
tain  acctirately  the  conditions  under 
v.’hlch  a  vapor  film  occurs  on  the 


Pig.  9.9*  Nature  of  change 
In  specific  heat  flow  and 
heat-transfer  coefficient 
from  liner  to  coolant  as  a 
function  of  difference  In 
tenqperature  between  liner 
and  coolant.  1)  zone  where 
liquid  heats  up  to  boiling 
point;  2)  coolant  nucleate- 
boiling  zone;  3)coolant 
fllm-bolllng  zone  a)  q, 

kcal/m^  hr;  b) 
kcal/m^  hr®C. 


liner  surface,  since  this  effect  on 
ZhRD  operating  conditions  has  been 
studied  very  llttle^when  using 
different  coolants.  For  this  reason, 
at  the  present  time,  cooling  engines 
by  means  of  producing  a  nucleate  boil¬ 
ing  of  the  liquid  In  the  passage  Is 
practically  never  used.  In  general. 


It  may  well  be  feasible  to  use  a  nuc).eate-bolllng  gffip  cooling  reglias 
under  which  heat  removal  from  the  liner  Is  Increased  several  times  In 


comparison  with  a  heat-transfer  regime  to  the  liquid  when  the  latter  Is 
not  boiling.  By  knowing  how  to  use  the  phenomenon  of  nucleatir 
coolant  boiling,  one  may  considerably  decrease  the  capacity  and  weight 
of  the  engine  fuel -feed  system. 

6.  Engine -chamber  InJectlon-head  design.  The  engine -chamber  head 
design  and  the  type  and  number  of  fuel  Injectors  and  their  distribution 
system  In  the  head  control  the  quality  of  fuel -mixture  formation  and 
fuel-combustion  cycle,  the  nature  of  the  gas-flow  movement  In  the 
chamber,  and  also  the  distribution  of  temperatures  and  velocities 
therein,  which,  to  a  considerable  degree,  affect  heat  transfer 
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between  the  gas  and  chamber  liner  and,  consequentlyj  affect  t_  . 

The  chamber  head  chiefly  determines  the  distribution  for  each  pro¬ 
pellant  coiiq;>onent  across  a  combustion-chamber  section,  the  degree  of 
fineness  to  irtilch  components  break  down  and  mix,  and  also  the  possibil¬ 
ity  of  developing  convection  backflows  of  gas,  which  transSfer  heat 
from  the  hot  spray  for  heating  and  vaporizing  the  fuel  mixture. 

Uniform  propellant -coo^onent  distribution  across  a  combustion- 
chamber  cross  section,  with  uniform  distribution  of  a  large  number  of 
fuel  Injectors  on  a  flat  head,  leads  to  a  better  use  of  combustion- 
chamber  volume  and  to  Increased  coiq>leteness  of  fuel  combustion. 

An  unfortunate  chamber  InJectlon-head  design  may  cause  propellsuit 
components  to  bum  on  the  liner  surface  and  overheat  It.  A  small  number 
of  Injectors  In  the  head,  as  well  as  nonuniform  Injector  distribution 
In  the  head,  causes  a  nonunlfom  propellant-ccanponent  distribution 
across  a  combustion-chamber  cross  section,  and,  because  of  this,  a  poor 
use  of  chamber  volume.  This  leads  to  Incomplete  fuel  combustion  and.  In 
some  cases,  to  an  oscillating  engine -operation  regime,  at  which  Increased 
heat  transfer  between  the  gas  and  ch£unber  liner  Is  possible,  emd,  as  a 
rule,  the  liner  will  bum  out. 

Burnouts  In  various  engine  combustion-chamber  emd  nozzle  locations 
are  almost  always  associated  with  the  Injector  distribution  system  In 
the  chamber  head.  Burnouts  In  the  nozzle  are  usually  formed  In  places 
lying  opposite  to  places  where  the  oxidizer  Injectors  In  the  head  lie 
closest  to  the  wall.  The  results  of  special  experiments  also  testify  to 
the  great  Influence  that  chamber-head  design  has  on  heat  tremsfer  In 
ZhRD.  Comparison  of  the  available  data  concerning  the  effect  that  the 
coodmstlon-ohamber  cycle  has  on  heat  transfer  allows  us  to  con- 
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elude  that  the  basic  cause  of  burnout  In  an  engine  nozzle  Is  the  In¬ 
constancy  In  propellant -component  ratios  across  a  chamber  section; 
gas  of  variable  composition  and  different  temperature  flows  along 
various  generatrices  of  nozzles. 

A  fortunate  chamber  injector -head  design  facilitates  not  only  in¬ 
creasing  the  completeness  of  fuel  combustion  and  thus  increasing 
engine  specific  thrust,  but  also  decreasing  heat  transfer  from  the 
gases  to  the  liner,  in  spite  of  the  relative  increase  in  the  tempera¬ 
ture  of  products  of  combustion. 

To  decrease  oxidizer  flow  rate  at  engine -chamber  walls,  we  may 

use: 

1)  injectors  with  a  displaced  nozzle  axis  (twisted  in  relation¬ 
ship  to  the  chamber  axis);  a  change  in  eccentricity  permits  changing 
distribution  of  liquid  flow  rate  within  rather  wide  limits; 

2)  injectors  of  the  ordinary  type  with  a  one-sided  face  toward 
the  nozzle  outlet  section,  and  also  with  a  single -entry  worm; 

3)  injectors  with  a  nozzle  cross  section  canted  toward  the  axis; 
this  method  also  allows  us  to  have  wide  limits  for  regulating  flow- 
rate  distribution  for  the  atomized  liquid. 

N 

We  may  use  bipropellant  injectors  for  a  peripheral  row  with  a  ten¬ 
tative  distribution  of  oxidizer,  which,  may  be  attained  by  one  of  the 
methods  indicated  above.  The  advantage  of  this  lies  in  the  fact  that 
they  may  be  arranged  independently  of  the  rule  for  injector  dis¬ 
tribution  in  the  chamber  head,  and  easily  pennlt  a  shift  from  one 
scale  to  another. 

By  the  way,  one  should  mention  that  a  shift  to  high- thrust 
engines  operating  on  the  same  fuel  need  not  be  accompanied  by  a  pro¬ 
portional  increase  in  nvimber  of  injectors. 
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Besides  this,  an  Increase  In  engine  thrust  by  Increasing  com¬ 
bustion-chamber  and  head  dlaweter  need  not  cause  a  change  In  dlsteuice 
between  Injectors  or  a  shift  to  larger  Injectors. 

7.  Engine  thrust  magnitude  and  operating  regime.  A  change  In 
per- second  fuel- flow  rate  to  the  combustion  chamber  for  regulat¬ 
ing  engine  thxnist  has  a  mar  teed  effect  on  the  characteristics  of  the 
cycle  In  the  chamber,  and  on  heat-transfer  conditions  between  the  gas 
and  the  liner. 

Experiments  and  computations  show  that  It  Is  more  difficult  to 
cool  an  engine  In  a  minimum  thrust  regime  than  In  regimes  of  nominal 
and  maximum  thrust.  This  Is  explained  by  the  fact  that  when  fuel- 
flow  rate  to  the  combustion  chamber  Is  decreased  In  order  to  reduce 
engine  thrust,  coolant-flow  rate  Is  decreased  and,  consequently,  coolant 
velocity  In  a  passage  of  given  flow  section  and  coolant  heat  re¬ 
moval  from  the  liner,  since  the  flow  of  heat  from  the  gas  to  the 
liner  Is,  by  this  means,  decreased  to  a  considerably  smaller  value, 
which,  at  some  limit,  may  lead  to  the  engine -chamber  liner  over¬ 
heating  8uid  burning  out. 

As  engine  thrust  Is  Increased,  heat  removal  by  the  liquid 
from  a  unit  of  liner  surface  Is  Increased.  This  Indicates  that  It 
Is  easier  to  cool  an  engine  chamber  of  great  thrust  than  an  engine 
of  small  thrust  (Pig.  9* 10).  In  particular.  It  Is  entirely  Im¬ 
possible  to  cool  an  engine  with  a  thrust  of  50-100  kg  with  pro¬ 
pellant  components.  An  engine  of  such  small  thrust  may  be  cooled  only 
by  water.  This  Is  explained  by  the  fact  that  raising  engine  thrust  P 
only  by  means  of  Increasing  the  per-second  fuel-flow  rate  0_  leads  to 
an  Increase  In  chamber  volume  V  dlrectlv  oroportlonal  to  0^,  l.e. , 

^  Q„  (9.11) 

O,  a  ’ 
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and.  In  this  case,  the  combustion-chamber  liner  surface  Increases 
relatively  slowly. 

Consequently,  a  relatively  greater  amoiint  of  coolant  arrives 
for  every  square  meter  of  liner  surface  for  a  large  combustion  chamber 
than  for  a  small  chamber,  because  of  which  It  Is  easier  to  cool. 

Other  things  being  equal,  the 
heating  surface  of  a  spherical 
combustion  chamber  Is  smaller 
than  that  for  a  cylindrical 
one,  and^ therefore,  is  easier 
to  cool  with  propellant  components. 

The  brief  survey  we  have 
given  does  not  exhaust  the 
analysis  of  the  factors  affect¬ 
ing  ZhRD  heat  transfer.  The 
basic  factors  we  have  studied 
Indicate  the  extreme  complexity 
of  this  process  and  the  Impossi¬ 
bility  of  analysing  these  factors,  acrat'ltely  when  we  are  designing  an 
engine -chamber  cooling'  system. 

On  the  basis  of  the  facts  given  above^  one  may  conclude  that  the 
basic  means  for  achieving  a  hlg^  gas  temperature  t^  In  a  combustion 
chamber  without  Increasing  gas-side  liner-surface  temperature  t 

P»8 

above  a  safely  permissible  limit,  or  for  decreasing  temperature  t 

P*g 

at  a  given  value  of  tj^,  and  thus  relieving  the  chamber-cooling  system, 
are  as  follows. 

1.  Decreasing  flame- tube  thickness  5  to  the  minimum,  commensurable 


30 
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Fig.  9*10.  Examples  of  maximum 
specific  heat  flow  In  a  nozzle 
as  a  function  of  combustion- 
chamber  pressure  for  kerosene- 
nltrlc-acld  engines  of  different 

thrusts,  i)  Qjjajc'  10"^  kcal/m^  hrj 

2)  P}^«  absolute  atmospheres. 


m 


with  ultimate  strength,  by  fabricating  the  liner  In  the  form  of  an  In¬ 
terconnected  system  of  separate  recteuigular  tubing. 

By  a  fortunate  design  solution  to  this  problem,  one  may  also 
considerably  decrease  engine -chamber  weight. 

Prom  the  viewpoint  of  the  necessary  strength.  It  Is  feasible 
to  make  the  chamber  flame  tube  in: the  form  of  separate  liners  of 
various  thickness. 

2.  Using  material  with  a  large  thermal -conductivity  coefficient 
X.  for  the  flame  tube,  which,  allowing  for  the  factors  mentioned  In 
the  previous  point,  will  decrease  thermal  resistance  =  6/y*  and 
liner  thermal  conductivity  H  according  to  the  following  ratio: 

(9*12) 

//,  I,  X, 

Here,  subscripts  1  and  2  refer  to  the  two  different  thick-  -  - 

nesses  for  the  liner,  which  Is  manufactured  from  materials  of 
different  thermal  conductivity. 

3.  Decreasing  wall-side  laminar  liquid  layer  thermal  resistance 
=  l/o^h  Increasing  the  velocity  w^j^  In  the  passage,  for  which 

we  decrease  the  equivalent  diameter  for  the  chamber  passage 

(flow-through  section  area). 

However,  In  practice,  this  measure  Is  limited  by  the  magnitude 
of  liquid  hydraulic -pres sure  loss  In  the  passage,  and  thus  is 
attended  by  an  Increase  In  the  capacity  and  weight  for  the  engine  fuel- 
feed  system. 

4.  Selecting  a  coolant  with  the  best  physical  properties  for  this 
purpose,  such  as  density  p,  viscosity  t),  heat  capacity  c  and  thennal- 

*^o6  “  ^ob  “  ^obshchly  "  ®total 

"  ^ek  “  *^ekvlvalentnyy  "  ^equivalent 
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conductivity  coefficient  X,:  which  increases  cooleint.  thermal^Iconfluttlvity 
^zh  accordance  with  the  following  ratio  (for  two  different  liquids); 

_./t,  YU45  /  >.0.»  V0.44S  /  c,  \W5 /p, 

//«a  \x»/  \rf,a/  Vili/  \«»/  * 

This  ratio  may  be  changed  within  wide  limits  for  various  liquids. 

However,  the  possibility  of  selecting  the  most  efficient  liquid 
for  engine -chamber  cooling  may.  In  practice,  often  be  limited.  If  one 
of  the  propellant  components  Is  of  little  use  for  cooling. 

5.  Decreasing  the  engine -chamber  heating  surface  by  means  of  using 
a  spherical  combustion  chamber  and  a  greater  nozzle  outlet -section 
divergent  angle,  as  well  as  Increasing  chamber  cooling  surface  by  means 
of  using  a  coolant  passage  of  spiral  shape  In  the  places  where  the 
chamber  has  the  highest  heat  release  rate. 

These  measures  are  attended  by  well-known  design  complications 
and  Increased  cost  for  the  hardware. 

6.  Decelerating  heat  flow  from  the  gases  to  the  chamber  liner  by 
means  of  using  protective  gas  or  liquid  curtains  of  combustible, 

by  which  we  also  Increase  the  wall-side  laminar  gas  layer  thermal 
resistance  R  =  l/oi_  and  decrease  layer  thermal  conductivity. 

o  o 

This  measure  Is  limited  by  the  magnitude  of  engine  specific  thrust 
loss  because  of  combustible  expenditure  In  forming  the  protective 
curtain  for  the  chamber  liner. 

For  contemporary  heat-resistant  steels,  vdilch  sa>e  used  to  manu¬ 
facture  a  chamber  flame  tube 'With  a  purely  regenerative  cooling 

system,  the  permissible  temperature  t_  _  (of  the  order  of  900°C  for 

P»  s 

alloy  steels)  Is  conditional  upon  a  gas  temperature  In  the  combustion 
chamber  of  not  higher  than  3000°C. 

Approximate  computations  show  that  for  maintaining  a  constant 
value  of  tp  g  =  900®C,  at  an  Increase  In  the  value  of  tj^,  the  value 


c 


of  R  Is  decreased  to  half  of  the  Initial  value,  corresponding  to 
zh 

“  2500°C,  which  permits  an  Increase  In  heat  transfer  from  the 
liner  to  the  liquid  of  almost  30}^,  and  when  Is  decreased  by  a  fac¬ 
tor  of  2,  heat  transfer  Increases  by 

At  such  a  great  heat -transfer  rate,  the  liquid  may  begin  to  boll 
In  the  chamber  passage,  which  lowers,  within  wide  limits,  the  practical 
use  of  such  augmented  heat  transfer. 

The  quantitative  values  of  heat -transfer  parameters  given  here  are 
approximate,  since.  In  estimation  of  these  parameters,  we  considered 
neither  combustion-chamber  pressure  nor  specific  thrust,  nor  a  number 
of  other  factors. 

Because  the  analytical  method  has  limited  possibilities  In 
computation,  heat -transfer  processes  are  usually  studied  experimentally. 
The  scientific  basis  for  these  experiments^ In  studying  heat  transfer  In 
an  englne^ls  the  theory  of  similarity  of  physical  phenomena,  showing 
proper  methods  for  statement  and  generalization  of  the  results  In  the 
form  of  criteria  of  similarity,  l.e.,  dimensionless  groups  co^^>08ed  of 
quantities  characterizing  a  physical  phenomenon. 

The  law  governing  heat  similarity  determines  the  conditions  under 
which  geometrically  and  mechanically  similar  systems  are  also  similar 
with  regard  to  heat;  by  this,  we  mean  that  temperature  fields  and  heat 
flows  are  similar. 

The  basic  criteria  for  the  theory  of  similarity  of  physical 
phenomena,  during  heat  transfer  In  an  engine,  are  the  Reynolds  number 
Re,  Peclet  number  Pe,  Prandtl  number  Pr,  and  Nusselt  number  Nu, whose 
physical  essenoe  Is  as  follows. 

1.  A  purely  convective  flow  (which  Is  the  product  a  =  w^  kg/sec  of 
the  amount  of  gas  or  liquid  passing,  per  imlt  time,  across  a  unit 
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of  area  for  a  channel  cross  section,  multiplied  by  heat  capacity'  ’ 
Cp  kcal/lcg°C  and  change  in  ten5)erature  At  In  this  case ) : 


a  wyCpAt  kcal/m^  hr  (9*13) 

2.  A  conductive  flow  (by  means  of  heat  conduction,  since  a  heat- 
conduction  flow  occurs  only  In  the  boundary  layer  of  gas  or  liquid 
moving  along  the  liner.  In  a  direction  normal  to  the  surface): 
surface : ) 

kcal/m^  hour  (9.14) 

where  w  Is  the  mean  velocity  in  meters  per  second;  y  Is  the  specific 
weight  In  kg/m^;  X  Is  the  thermal  conductivity  of  the  gas  or  liquid 
In  kcal/m  hr°C;  and  d  Is  the  mean  diameter  of  the  section  of  the  cham 
ber  liner  or  nozzle  liner  being  studied,  In  m. 

The  ratio  of  q'^^  to  q^  Is  designated  as  the  Peclet  number,  l.e. 


where  a  =  ^/C^y 
m^/hr. 


Pe- 


ik  dw\Cf  _  wd 


•—■■Idem, 

«  . 


Is  the  coefficient  of  thermal  dlffuslvlty. 


(9.15) 

In 


The  Peclet  number  Pe  Is  the  measure  of  convective  heat  transfer; 
It  characterizes  the  ratio  of  convective  emd  conductive  heat  flows  at 
a  convective  heat  transfer. 

The  Reynolds  number  Re  Is  the  criterion  of  dynamic  similarity  of 
phenomena,  since  it  characterizes  the  ratio  of  velocity  and  forces  of 
viscosity  for  the  gas  or  liquid; 


Re 


■■Idem, 


(9.16) 
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where  is  the  coefficient  of  dynamic  viscosity  in  kg  per  second/m  ; 

V  =  T)g/Y  =  Vp  is  the  coefficient  of  kinematic  viscosity  for  the  gas  or 

p  2 

liquid,  in  mvsec. ;  g  =  y/p  Is  the  acceleration  of  gravity  In  m/sec  ; 

2/4 

here  p  Is  the  density  of  the  gas  or  liquid  In  kg  sec  /m  . 

The  ratio  of  Pe  to  Re  Is  called  the  Prandtl  number,  l.e.. 


•rf  “  *  "  X  “  & 


■■idem. 


(9.17) 


Thus,  the  Peclet  number  may  be  expressed  by  the  formula 


Pe  — RePr. 

The  Prandtl  nvunber  Pr  Is  a  characteristic  of  the  physical 
properties  for  the  gas  or  liquid.  For  gases  of  identical  atcrnilcity,  this 
number  Is  a  constant  magnitude.  Independent  of  pressure  and  tempera¬ 
ture.  For  monatomic  gases  Pr  =  0.67,  for  biatomlc  ggaes  Pr  =  0.7,  for 
trlatomlc  gases  Pr  =  0.8,  and  for  tetratomlc  gases  or  greater  Pr  =  1. 

The  convective  specific  heat  flow  Is  generally  expressed  by  the 
fonnula 


2 

kcal/m  hour 


(9.18) 


The  relationship  of  q^^  to  q^  Is  called  the  Nusselt  number,  l.e.. 


Nu--*s— ^  =  -^=Idein.  • 


(9.19) 


Q 


whence  the  coefficient  for  convective  heat  transfer  from  the  gas  to 
the  liner  or  from  the  liner  to  the  coolant  will  be 

NuX  ,  w  2  .  (9.20) 

-  kcal/m  hoar°C 
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The  Nusselt  nvunber  Nu  Is  a  measure  of  heat  transfer.  In  that  It 
characterizes  the  Intensity  of  heat  transfer  on  the  border  between 
the  gas  or  liquid  and  a  solid  surface. 

With  thermal  slmll&rltlee  between  two  or  several  systems,  for 
any  similar  point,  the  curves  of  Pe  and  Nu  criteria  of  similarity 
have  the  same  value.  In  experimental  studies  of  heat. transfer;  the 
unknown  magnitude  Is  usually  the  heat -transfer  coefficient  a.  For  a 
steady-state,  forced  turbulent  motion  of  a  gas  or  a  liquid,  the 
criterion  equation  assumes  the  form 

Nu=/(Re.Pe);ori^-/(-^,  JLy  (9.2l) 

The  form  of  this  function  Is  determined  experimentally;  complete 

study  of  the  problem  Is  facilitated  by  the  fact  that  It  Is  necessary 

to  seek  only  the  dependence  of  Nu  on  the  two  changing  magnitudes  of 

Re  and  Pe,  as  Nu  Is  not  a  function  of  all  the  separate  quantities 

Included  In  the  detailed  expression  of  the  latter  equation. 

SECTION  6.  UETERMININa  SPECIFIC  CONVECTIVE  HEAT  PLOWS  PROM  THE  OAS 
TO  THE  ENGINE-CHAMBER  LINER 

So  far,  a  completely  valid  method  for  accurately  determining 
specific  convective  heat  flows  from  gases  to  ^^^-chamber  liners 
does  not  exist.  This  Is  explained  by  the  complexity  of  the  cycle 
which  occurs  In  the  combustion  chamber  and  nozzle,  and,  because  of 
this,  the  extraordinary  difficulty  of  experimental  heat -transfer 
studies  under  engine  operating  conditions. 

Specific  convective  heat  flows  from  the  gases  to  the  liner  for 
a  given  section  of  engine -chaoA>er  length,  or  In  separate  engine- 
chamber  sections,  may  be  determined  In  accordance  with  the  formula 

/^Jjjkcal/m^  hr®C,  (9.22) 
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where  is  the  temperature  of  the  adlabatlcally  decelerated  gas 
stream.  In  t  „  Is  the  gas-side  chamber-liner  surface  tempera- 

p.g 

ture,  whose  value,  in  computations.  Is  assumed  as  a  function  of  the 
strength  properties  for  this  liner  material;  Is  the  convective 
coefficient  of  heat  transfer  from  the  gases  to  the  liner,  which  most 
authorities.  In  the  existing  literature,  recommend  be  determined  In 
accordance  with  the  following  formula,  which  Is  derived  on  the  basis 
of  experimental  data  processed  In  criteria  of  similarity: 


.=^74.30,„/^,)w^(^)“*“kcal/m2  hr  °C,  (9.23) 


where  Q  Is  the  gas -flow  rate  In  the  engine,  equal  to  the  fuel- 

flow  rate  to  the  combustion  chamber,  In.kg/sec;  d_  is  the  mean  liner  dla- 

O 

meter  along  the  gas-side  surface  of  the  given  chamber-length  section. 

In  mj  T  =  273  +  t  Is  the  absolute  temperature  of  the  adlabatlcally 

C 

decelerated  gas  stream;  this  temperature  value  is  usually  assumed  as  being 
the  same  for  the  entire  length  of  the  engine  chamber,  and  as  being 
equal  to  the  thermodynamic  temperature  (Tj^®K  or  tj^®C)  of  the  gaM»^. 

In  the  combustion  chamber,  since  gas  velocity  Is  very  small.  In  close 
proximity  to  the  solid  wall  (In  the  boundary  layer),  and  the  gas-stream 
deceleration  temperature  at  the  liner  surface  almost  coincides  with  the 
thermodytUmilai  tempera turef  j -T_  ■  =  273  +  t  ;  Is  - the  mean  absolute 

p.g  P'B  - 

liner-surface  temperature  for  a  given  chamber-length  section.  In  ®C, 


*  Actually,  the  laminar  boundary  layer  of  a  rapidly  moving  gas  stream 
Is  not  completely  retarded  and,  therefore,  has  a  temperature  T*  ^ 

O 

>  T  ,  Which,  for  an  Insxilated  system,  may  be  ejqpressed  by  the  formula 
*  A^,  ** 


f  r  ■'ftepwo*  +  f 


UC,' 


(9.24) 


where  r  Is  the  recovery  factor,  whose  value  Is  less  than  unity. 


•« 


^epwoA 


^termed 


termodlnanlcheslcaya 


T 

thexnodynamlc 
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whose  value.  In  first -approximation  computation,  is  assumed  as  not  ex¬ 
ceeding  the  safely  permissible  limit  for  the  assumed  liner  material, 
considering  this  temperature  as  constant  throughout  the  length  of  a 


cylindrical  combustion  chamber j  C 


is  the  mean  gas  heat  capacity. 


O  S'  w 

in  kcalAs  C,  computed  at  the  gas-side  liner-surface  temperature  by 


means  of  the  formula 


(9.25) 


p 

g  =  9.81  m/sec  is  the  acceleration  of  gravity;  ^  g  mean 

p 

dynamic  viscosity  coefficient  of  the  gases,  in  kg -sec/m  ,  computed  in 


accordance  with  the  formulas 


fc.r  ‘“V., 


(9.26) 


C_  and  Tj.  are  the  mean  values  for  the  heat  capacity  sund 

dynamic  viscosity,  respectively,  of  the  1-th  gas  in  the  mixture,  taken 
from  Tablet  9.1  and  9*2  as  functions  of  the  gas-side  chamber-liner 
surface  temperature;  gj^  is  the  weight  fraction  of  the  1-th  component 
in  the  gas  mixture,  computed  in  accordeuice  with  the  formula 


r  =x  J?i££_. 

V  »  ‘ 


(9.27) 


p^  is  the  partial  pressure  of  the  i-th  gas  in  the  mixture,  in  atm  abs; 

and  is  the  molecular  weight  of  the  1-th  gas. 

Here,  gas  heat  capacity  and  vlscoBlty  are  referred  to  gas- 

side  liner-surface  temperature,  since  this  temperature  is  usiially  given, 

while  it  is  not  always  possible  to  determine  acourately  gas  teaperaturee 

in  given  sections  of  the  chamber. 

In  computing  C_  and  t)  we  neglect  the  heat  capacity  and 
Pi  1 

viacosity  of  those  gases  which  are  present  in  small  amounts  in  the 
mixture.  These  cosiponents  are  usually  0,0H,H,N0,  and  N.  When  we  compute 
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TABLE  9-1 

Mean  Heat  Capacity  C-  for  Cases  at  a  Constant  Pressure,  in 
kcal/kg°C,  as  a  Function  of  Temperature 


l)  HaNMCHOMHNe 

rasi 

0 

too 

200 

300 

D 

500 

m 

700 

m 

900 

1000 

1100 

4^  Kmcmpox 

0, 

0,218 

0,223 

^.230 

0,2376 

0,2445 

1 

0,2504 

0,2553 

0,2503 

0,2627 

0,2656 

i 

0,2682 

0,2703 

0.2723 

5)  A»ot 

N, 

1 

0,248 

0,2489 

0,2612 

0,2554 

1 

1 

0,2607 

• 

1 

0,2664 

1 

0,2721 

0,2774 

1 

0,2822 

0,2864 

0,2935 

0,2964 

6)  BOAOpOA 

D 

3,4826 

3,5296 

3,5660 

3,6101 

3,7581 

3,8095 

7)  OKHCb  yraepOAa 

CO 

0,248 

0,2495 

1 

0,2528 

1 

1 

0,2641 

1 

0,2704 

0,2763 

0,M16 

0,2863 

0,2904 

0,2939 

0,2996 

8)  OKHCb  «aoTa 

NO 

0,2414 

0,2472 

0,2534 

0,2594 

0.2648 

0,2695 

0,2736 

■ 

0,2799 

0,2324 

0,2815 

9)  AayoKHCb  yracpOAa 

CO, 

0,194 

0,2182 

0,2371 

0,2524 

0,2652 

0,2758 

0,2847 

0,2921 

0,2964 

0,3037 

0,3081 

0,3119 

0.3152 

;0)  BoaamoA  nap 

H,0 

0,444 

|o,48l5|o.4635 

0,4778 

0,4931 

1 

0,5092 

0,5356|o.5420 

0,5601 

0,6769 

1 

0.5929 

0.6080 

0,6220 

1)  Name  of  gas;  2)  chemical  formula  3)  gas  temperature,  In  ®C;  4) 
oxygen;  5)  nitrogen;  6J  hydrogen;  7)  carbon  dioxide;  8)  nitric  oxide; 

9)  carbon  monoxide;  lO)  water  vapor. 

g^,  the  values  of  p^  are  assumed  in  accordance  with  the  data  from  the 
thermodynamic  computation  of  the  engine. 

All  quantities  Included  In  Eq.  (9«23)  must  be  expressed  In  the  same 
measurement -unit  system. 

This  equation  shows  that  convective  heat  transfer  between  a  gas 
and  a  chamber  liner  is  affected  by  per-second  gas-flow  rate,  physical 
heat -transfer  parameters,  geometrical  gas -passage  dimensions  and  other 
factors. 

In  the  suborltioal  part  of  the  nozzle,  mass  transfer  of  gases  in¬ 
creases  considerably  and  the  wall-side  laminar  gas  layer  becomes  thinner. 
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TABLE  9-2 

Dynamic  Viscosity  g*10^  Icg/m  sec  of  Oases  as  a  Function  of  Tend¬ 
ers  ture 


3}  Tenneparypa  rata  b  '-'C 

■  I)  rasa 

ckm' 

(popurxa 

0  . 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1  1000 

1100 

1200 

gl  KHMOpOX  ' 

Oa 

1,043 

2,460 

2,910 

3,312 

3,677 

4,014 

4,327 

4,622 

4,900 

5,164 

5,416 

8,657 

5,889 

Amt 

Nf 

1.687 

2,101 

2,478 

2,815 

3,121 

3,402 

3,664 

3,911 

4,143 

4,364 

4,575 

4,777 

4,m 

Boxopox 

Hi 

0,850 

1.052 

1,226 

7^ 

1,521 

1,651 

1,771 

T553 

TWT 

2,093 

2,ig() 

TTSS 

[  2*373 

i 

7)  OxHCb  yraepoxa 

i 

1 

CO 

i 

1,65(5 

2,087 

2,462 

2,797 

3,100 

3,380 

3,640 

1 

3,885 

4,116 

4,336 

4,545 

4,746 

4,939 

1 

8)  OKHCb  asora 

NO 

1,352 

1,825 

1 

2,257 

2,653 

3,020 

3,362 

3,683 

3,986 

4,272 

5,546 

4,807 

5,057 

5,298 

i 

9)  AsyoKHCb  yraepoxa 

1 

CO, 

1.384 

1,846 

2,262 

2,642 

2,991 

3,316 

3,620 

3,906 

4,177 

4,435 

4,681 

4,917 

5,143 

10)BoxRiion  nap 

1 

0.8tS| 

1,208 

1,605 

2,000 

1  2,390 

2,772 

3,145 

3.510 

3,864 

4,210 

1 

4,447j 

4,874 

5,194 

Name  of  gasj  2)  chemical  formula;  gas  temperature.  In  °C; 
oxygen;  5)  nitrogen;  6)  hydrogen;  7}  carbon  monoxide;  8)  nitric 
oxide;  9)  carbon  dioxide;  10}  water  vapor. 

as  a  result  of  which  convective  heat  transfer  from  the  gas  to  the  liner 
Is  Increased  here. 

As  engine -chamber  dimensions  are  Increased,  without  a  change  In 
gas  parameters,  the  coefficient  Oj^  decreases,  since  Its  magnitude  Is 
a  function  of  the  diameter  d  of  the  gas  channel  (see  Formula  9*23). 

o 

This  circumstance  Indicates  that  an  engine  of  large  thrust  (large 
dimensions)  Is  easier  to  cool  than  an  engine  of  small  thrust  (small 
dimensions ) . 

The  equation  given  for  detemlnlng  the  value  of  Oj^  experimentally 
has  been  verified  for  subsonic  velocity  In  a  gas  stream  In  a  cylindrical 
tube.*  However,  for  rocket  engines, we  must  consider  other  factors. 

*  A.  A.  Qukhman  and  n*  V.  II  'yukhln.  Osnovy  uchenlya  o  teploobmene 
prl  techenll  gasa  s  bol'shoy  skorost'yu  [The  Bases  for  Studying  Heat 
Transfer  In  High-Speed  Qas  Streams],  Nashglz  [State  Scientific  and 
Technical  Publishing  House  of  Literature  on  Machinery],  1951. 


ilctuaUy,  chamber  nozzles  have  conical  (or>nearl7  canlcal^^thaqpes,  because 
of  v^lch  a  supersonic  gas-exhaust  velocity  Is  obtained.  Besides,  this 
equation  does  not  consider  effects  on  heat  transfer  due  to  the  features 
of  the  cycle  In  the  combustion  chamber  (design  of  the  head,  type 
auid  number  of  Injectors,  InJector-dlstrlbutlon  system  on  the  head,  etc. ) 
or  to  phenomena  occurlng  In  the  wall-side  gas  layer.  Close  to  the  chamber 
liner  (in  the vmi.li-«i]de  layer),  gas  temperature  rises  due  to  gas  de- 
celeratlonj  gas  molecules  recombine  Intensively  and  tramsform  chemical 
energy  Into  heat,  partially  transferring  heat  to  the  liner;  ajid  gases 
diffuse  from  the  zone  of  higher  temperature  to  the  zone  of  lower 
temperature.  All  these  factors  strongly  affect  heat  transfer  In  a 

Because  of  the  facts  given  above,  the  formula  (9*23)  mentioned  above 
Is  suitable  only  for  extremely  approximate  determination  of  the  value 
of  upon  condition  that  the  nozzle,  throughout  Its  length.  Is  di¬ 
vided  Into  a  number  of  sections,  the  diameters  of  which  are  equal  to 
the  mean  diameter  for  the  conical  part  of  the  section. 

In  this  case.  It  Is  convenient  to  perform  the  computations  In 
the  following  order; 

1.  We  select  safely  permissible  values  of  temperature  t^  ^  In  the 
characteristic  engine -chamber  sections.  In  contemporary  engines,  the 
gas-side  surface  temperature  for  a  steel  liner.  In  the  majority  of 
cases,  has  the  following  values: 

a)  at  the  outlet  from  the  combustion  chamber  to  the  nozzle  - 
about  450-600®C; 

b)  In  the  nozzle  throat  -  about  700-850°C; 

c)  at  the  outlet  from  the  nozzle,  about  350-5(X)°C. 

For  a  copper  liner,  ten5>erature  values  are  300-350,  450-550,  and 
150-200®C,  respectively. 

Qas-slde  surface  teiqperature  for  the  cylindrical  p8u>t  of  a  com- 


bustlon  chamber  Is  considered  as 

constant,  and  as  equal  to  the 

temperature  at  the  entrance  to  the 

convergent  part  of  the  nozzle. 

Temperature  distribution  (t  )  be- 

p.g 

tween  characteristic  sections  may  be 

Fig.  9« 11<  Approximate  assumed  as  linear  (Fig.  9*11)4  In 

gas- side  surface- teiqper- 

ature  distribution  for  a  the  first  approximation,  throughout 

steel  liner  th«)\ighout  the 

chadber  length,  for  de-  the  length  of  the  chamber. 

awning  a  cooling  system. 

1)  Bnglne-ohamber  length.  2.  We  compute  heat  capacity 

and  viscosity  for  the  products  of 
fuel  combustion  at  the  gas-side  liner-surface  temperature  at  the 
inlet  to  the  nozzle  section.,  considering  heat  capacity  and 
viscosity  as  constant  throxighout  the  entire  length  of  the  engine 
chamber. 

The  values  of  C  and  n  are  functions  of  combustion-product 

*^p.g  T*6* 

for  the  gas-side  liner  surface,  but,  since  the  computation 
Is  approximate,  we  may  assxune  that  their  values  are  constat  through- 
out  the  length  of , the  chamber. 

n  ■  .  ■  ra  •  ■  it- 1  n  -I 

"i^en  using  tabular  materials,  we  must  pay  attention  to  the  dimen¬ 
sionality  of  the  quantities,  and.  If  necessary,  translate  them  Into  the 
dimensions  which  were  as8\amed  for  using  the  particular  formula. 

3.  We  divide  the  length  of  the  engine— chamber  nozzle  Into  about 
IO-15  sections  (depending  on  the  desired  accuracy  of  computation)  and, 
for  each  of  these  sections,  we  compute  the  value  of  as  If  for  an 
equivalent  tube,  assuming  tube  diameter  and  the  given  temperature  as 
the  mean  for  each  chamber  section. 

4.  Knowing  the  value  of  Oj^,  we  determine  the  value  of  qj^  for  each 
nozzle  section.  In  accordance  with  the  results  of  the  computations, 

we  construct  a  curve  of  the  change  In  qj^  throughout  the  length  of  the 
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engine  chamber  (see  Pig.  9.4). 

Since  an  engine  head  usually  develops  a  nonuniform  fuel-compo¬ 
nent  distribution  throughout  a  combustion-chamber  cross  section, 
specific  heat  flows  In  a  may  be  determined  more  accurately  by 

taking  Into  consideration  the  presence  of  a  layer  of  gases,  eni»lched 
by  combustible,  at  the  chamber-liner  surface,  and  the  fact  that  the 
gaa-layer  temperature  is  lower  than  that  of  the  stream  core. 

In  such  computations.  It  Is  recommended  that  one  determine  specific 
heat  flows  for  various  engine-nozzle  generatrices.  In  conformity  with 

these  formulas,  as  though  the  fuel-mixture  ratio  X  were  constant 
throughout  the  section;  In  this  case,  the  magnitude  of  the  fuel-mix¬ 
ture  ratio  Is  assumed  as  being  equal  to  In  this  case,  we  assume 

the  composition  of  the  wall-side  layer  developed  by  the  chamber  head  Is 
preserved  to  a  considerable  degree  throughout  the  entire  extent  of  the 
chamber,  up  to  the  outlet  from  the  nozzle. 

Specific  convective  heat  flows  from  the  gases  to  the  liner,  allow¬ 
ing  for  the  presence  of  a  gas  layer,  enriched  by  combustible,  at  the 
chamber  wall,  may  be  determined  In  accordeuice  with  a  special  method. 

In  approximation,  one  may  consider  that.  In  the  cylindrical  part 
of  the  combustion  chamber,  the  value  of  Is  constant,  and  equal  to 
Its  value  at  the  entrance  to  the  convergent  part  of  the  nozzle. 

The  gas  parameters  In  the  stream  core  are  determined  In  conformance 
with  the  fuel-mixture  ratios  In  the  stream  core  (Xy^^)  and  In  the 
wall-side  layer  (X^^)* 

The  fuel-mixture  ratios  In  the  wall- side  layer  are  determined 
by  the  fuel-lnJector  distribution  scheme  In  the  head,  which  varies  for 
different  chamber  shapes. 

A  decrease  In  the  magnitude  of  x  at  the  chamber  wall  leads  to  a 
decrease  In  heat  flows,  and  alleviates  engine -cooling  conditions.  How- 


ever,  such  a  decrease  in  the  value  of  Xf  as  already  mentioned  above, 

decreases  specific  thrust.  In  solving  the  problem  of  establishing  Z^B 

cooling.  It  Is  Important  to  know  the  connection  between  a  decrease  In 

heat  flows  ^nd  the  corresponding  decrease  In  specific  thrust. 

SECTION  7.  DETERMININO  SPECIFIC  RADIATION  HEAT  PLOWS  PROM  A  OAS  TO  AN  ‘ 
ENQINE-CHAMBER  LINER 

A  transfer  of  thermal  energy  from  one  body  to  another 
bymeans  of  radiation  Is  accon^llshed  In  the  form  of  electromagnetic 
waves  with  a  length  of  0.8  to  40  m» 

Solid  bodies  radiate  and  absorb  radiant  energy  of  all  wavelengths, 
but  gases  do  so  only  within  fixed  Intervals  of  wavelengths,  which  vary 
for  different  gases.  Such  radiation  and  absorption  by  gases  Is  called 
selective. 

BLatomle  gases  have  very  low  radiation  and  absorption  capacities 
and  are  therefore  almost  transparent  for  thermal  radiation.  These  gaaes 
have  very  narrow  spectral  bands  for  radiation  and  absorption.  Most  of 
the  radiation  of  products  of  combustion  In  a  Is  radiation  asso¬ 

ciated  with  vibratory  and  rotational  motion  of  gas  molecules. 

The  greatest  selectlvltes  In  radiation  and  absorption  are  those 
exhibited  by  H20,002fS0^,C0,  and  OH  gases  (these  gases  are  enumerated 
In  descending  order  for  their  degree  of  radiation  Intensity), 

The  natural  radiation  of  a  body,  added  to  the  radiation  reflected 
to  the  body  from  other  bodies.  Is  called  the  effective  radiation  of  the 
body. 

Contemporary  Zh^  operate  on  hydrocarbon  combustibles  and  on 
oxidizers  containing  oxygen  as  a  basic  element. 

In  these  engines,  radiation  consists  of  three  types: 

1)  radiation  from  high -temperature  gases; 

2)  radiation  from  solid  atomized  particles  of  carbon,  which  are 
In  suspension  In  the  gases; 
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TABLE  9.3 


1)  4>opHa  KiMcpu  M  ee  paiMcpu  ^ 

)  SHa^eHHe  / 

'  M 

3}  lLlapoo6pa3Haa  c  AHaiieTpoM  d 

o.eod 

4)  llHaHHJipHHecKaa  c  AHaMerpoii  d  h  xaHHoft 

0,7bd 

5) 

0,8Sd 

gj  /,=(2+3)rf 

0.90d 

7)  SaaHnTHiecKaa  c  HctioabuiHM  AKaMcrpOM  h  aakhoK  /j,»(3+4)rf 

0.70d 

1)  Chamber  shape  and  dimensions ;  2)  value  of  l,m;  3)  spherical,  with  a 
diameter  d;  4)  cylindrical,  with  a  diameter's  and  length  1  =  d; 

5)  6)  =  (2-3)  d;  7)  elliptical,  with  a  small  diameter 

euid  a  length  =  (3-4)  d. 

3)  radiation  from  the  thermal  effect  of  the  chemical  reaction 
of  fuel  combustion  (chemiluminescent  radiation). 

In  a  typical  radiant  heat  transfer  Is  caused  primari¬ 

ly  by  radiation  from  water  vapor,  and,  partially,  from  carbon  dioxide. 

SOg  gas  Is  often  entirely  lacking  In  the  products  of  fuel  ccxnbustlon, 
or,  sometimes, Is  a  very  small  percentage  of  the  entire  amount  of  the 
gases.  The  remaining  gases  Included  In  the  composition  of  the  pro¬ 
ducts  of  combustion  are  assximed  to  be  trauisparent  to  radiation.  Radi¬ 
ation  from  particles  of  soot  and  chemiluminescence  has  an  extremely 
weeUc  effect  on  radiant  heat  transfer  In  a  Etnd,  therefore.  Is 

usually  not  considered  In  computations.  The  majority  of  solid  bodies 
and  liquids  are  not  transparent  to  thermal  radiation.  Radiation 
and  absorption.  In  solid  opaque  bodies,  occur  only  In  the  surface 
layer,  but  In  gases  they  occur  throughout  the  entire  volume,  throughout 
the  length  of  a  ZhRD  combustion  chainber,  radiant  heat  flows  Increase, 
but  throughout  the  length  of  the  nozzle,  they  decrease. 

Radiant  heat  transfer.  In  any  section  of  a  ZhRD  chamber.  Is 


essentially  a  function  of 


1)  composition,  temperature,  and  pressure  of  the  gases,  which  de¬ 
termine  thermal -radiation  efficiency; 

2)  geometrical  shape  and  dlmensloiis  for  the  given  section  of  the 
engine  chamber,  which  determine  selection  of  the  characteristic  di¬ 
mension  for  computing  radiation  and  absorption  capacities  of  the  gas 

for  the  volume  under  consideration; 

3)  J)ropellant -component  ratio  across  an  engine  combustion -chamber 
cross  section,  which  determines  the  nature  of  the  chamber  cycle,  and 
fields  of  temperature  and  velocity  of  the  gases; 

4)  position  of  the  engine -chamber  section  under  consideration, 
since  factors  affecting  radiant  heat  transfer  change  throughout  the 
chamber  length. 

Initial  data  for  determining  specific  radiant  heat  flows  In  an 
engine  chamber  are: 

1)  the  combustion -chamber  and  nozzle  shape  and  dimension; 

2)  the  pressure,  the  temperature,  and  the  partial  pressures  for 
the  gases  In  the  combustion  chamber; 

3)  the  type  of  chamber-liner  material  and  the  effective  degree 
of  gas-side  liner-surface  blackness; 

4)  the  supplementary  curves  for  several  rated  parameters. 

Since,  In  gases  of  different  volumetric  shape,  the  length  of  rays 

varies  according  to  direction,  when  we  wish  to  determine  the  specific 
radiant  heat  flow,  we  must  replace  the  given  volumetric  shape  for  the 
radiating  gases  with  a  hemispherical  shape  of  equivalent  volume.  In 
which  the  length  of  the  rays  to  the  center  of  a  flat  base  will  be  the 
same  In  all  directions.  The  radius  of  such  a  gas  hemisphere  will  also 
be  a  certain  mean  effective  ray  length _1,  which  Is  characteristic  of 

the  radiation  and  absorption  capacities  of  the  gases  for  the  given 
volumetric  shape. 
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TABLE  9.4 

Degree  of  Chamber-Liner  Gas-Side  Surface  Blackness,  with  Liner  In 
Oxidized  State,  Within  Temperature  Limits  of  200-600®C 


l)MaTcpHaj  060J10WK  mtiepu 

*tT 

2)cTtJk 

0.75-0,85 

3)  Meilfc 

0,57-0,87 

4;  .naTyBb 

0,59-0,61 

AaBMHHHCBuS  coaaB 

0,11-0,19 

5)  KepaMHKa  ontcynopnaa 

0.80-0,90 

l)  chamber-liner  material;  2)  steel;  3)  copper;  4)  brass;  5)alumlnum 
alloy;  6)  refractory  ceramics. 

For  approximate  determination  of  the  effective  ray  length  for 
gases  of  different  volumetric  shape,  M.  A.  Mikheyev*  recommends  the 
formula 

/“3.6-^ui,  (9.28) 

where  V  Is  the  volume  of  the  gases  for  the  given  shape.  In  m^;  and 
S  Is  the  liner  surface  for  this  volume  of  gases.  In  m^. 

Table  9.3  shows  the  values  of  1  for  gases  In  channels  of  different 
shapes  (with  radiation  to  the  lateral  face). 

The  radiating  power  of  a  corresponding  gas  la  a  function  of  the 
temperature  and  the  effective  thickness  of  the  gas  layer  (the  optical 
density)  Is,  In  effect,  the  product  p^i  atm  abs  •  m  or  P4I,  where  p 
the  partial  pressure  of  the  1-th  gas  In  the  mixture,  =  y^/g  is  the 
density  of  the  gas  In  kg-sec^/m^,  and  1  Is  the  effective  ray  length  In 
m,  determined  by  the  shape  and  the  dimensions  for  the  gas  volume  under 
consideration  • 

*  A.  M.  Mikheyev  [sic;  probably  M.  A.  MlWieyev].  Osnovy  teploperadachl 
[The  Bases  of  Heat  Transfer],  Oosenergolzdat  [State  Power  Engineer¬ 
ing  Publishing  House],  I936. 
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The  total  radiation  for  the  gas  mixture  is  not  equal  to  the  sum  of 
the  radiations  of  its  separate  components  taken  separately.  Thus,  the 
degree  of  blackness  for  a  mixture  of  carbon  dioxide  and  water  vapor 
is  less  than  the  sum  of  the  individual  degrees  of  blackness  for  the 
gases.  This  phenomenon  is  due  to  the  partial  mutvial  absorption  of  radi¬ 
ation  by  both  gases  in  the  wave-length  region  in  which  their  spectral 
lines  overlap  each  other. 

Experimental  determination  of  radiant  heat  flows  in  ZhRD  chambers 
is  extremely  difficult  due  to  the  complexity  of  the  cycle  in  the  com¬ 
bustion  chamber  and  nozzle. 

To  determine  the  radiation  from  water  vapor  and  carbon  dioxide 

under  sue  operating  conditions,  at  the  present  time  we  use  extra¬ 
polation  data  for  the  greater  temperatures  and  pressures  obtained  in 
standard  industrial  furnaces  at  a  pressure  of  1  atm  abs  and  at 
temperatures  of  up  to  2000°e.*  Thus,  we  usually  consider  that  the 
fraction  of  specific  radiant  heat  flow  from  the  gases  to  a  ZhRD- 
chamber  liner  Is  not  large  (especially  in  the  chamber  nozzle),  and, 
therefore,  in  practice,  such  an  extrapolation  has  sufficient  accuracy, 
although,  in  fact,  cases  are  possible  when  this  type  of  heat  transfer 
may  play  an  Important  part  in  the  total  heat  transfer  in  an  engine 
chamber. 

Because  of  the  fact  that  gas-side  surface  temperature  for  a  steel 
or  copper  liner,  in  contemporary  Zh^  chambers,  is  usually  not  high, 
we  may  neglect  radiation  from  the  liner  to  the  layer  of  gases.  On  this 
basis,  the  total  specific  radiant  heat  flow  from  the  gases  to  the  com¬ 
bustion  chamber  liner,  when  there  is  no  protective  curtain,  may  be 

*  A.  M.  Mikheyev  [sic],  o£.  cit. 


-  610  - 


VfffKKi 


computed^ In  approxlmatlonj according  to  the  formula* ** 

)ccal/m^  hr,  (9.29) 

where  (1+ eg^)/2***  Is  the  effective  degree  of  blackness 

for  the  gas -aide  surface  of  the  combustion-chamber  liner  (with 
radiating  gases  )  and  there  Is  an  inequality  1  > 

®st  *  0.75-0.85  Is  the  degree  of  blackness  for  the  gas-side  surface 
of  a  steel  chamber  liner,  depending  on  the  condition  of  this  surface, 
l.e. ,  the -degree  to  which  the  surface  Is  oxidized  (see  Table  9*4); 

r 

and  Eg  -  Ejj^q  +  Eqq^  —  eu^QfiQo  is  the  degree  of  blackness  for  the 
trlatomlc^ gases,  depending  on  the  parameters  of  these  g^ases  and  on 
the  effective  ray  length  _1;  =  4. 96  Is  the  radiation  coefficient 

for  a  conditionally  ideal  black  body.  In  kcal/m^  hr®K;  and  Tj^, 

Is  the  thermodynamic  temperature  for  the  gases  In  the  engine  com¬ 
bustion  chamber.  In  ®K. 

A.  M.  Qurvlch****  recommends  that  the  total  radiation  capability  of 
HgO  and  COg  be  determined  by  an  exponential  function  of  the  following 
form 

(9.30) 

*  N.  V.  Inozemtsev  and  V.  K.  Koshkin.  Protsessy  sgoranlya  v  dvl- 
gatelyakh  [Combustion  Cycles  In  Engines],  Mashglz  [State 
Scientific  and  Technical  Publishing  House  of  Literature  on 
Machinery],  1949* 

**  %T.e$~  ^st.ef  ^  ^stepen'  effektivnaya  “  Sffectlve  degree 

***  Eg^  *  degree 

****  A.  N.  Qurvlch.  Teploobmen  v  topkakh  parovykh  kotlov  [Heat  Trans¬ 
fer  In  Steam-Boiler  Furnaces],  Qosenergolzdat  [State  Power  En¬ 
gineering  Publishing  House],  1950. 
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where  p 


+  p  l8  the  sum  of  partial  pressures  for  water  vapor 


-  ''HgO  ■  *^002 

Loxlde  gas 

effective  coefficient  of  weakening  of  the  rays  of  these  gases  as  a 


and  carhon>^loxlde  gas  In  the  combustion  chamber.  In  atm  abs;  k  Is  the 

O 


consequence  of  the  fact  that  the  wavelengths  for  their  radiation  spectra 
somewhat  overlap  each  other,  which  Is  determined  In  accordance  with  the 
formula 


(,  _ 0,000387.); 


(9.31) 


and  JL  Is  the  effective  ray  length,  in  m. 

In  chambers  which  operate  at  high  gas  temperatures  or  on 

fuels  of  high  calorific  value,  as  well  as  those  chambers  which  have  a 
heat-resistant  liner  (for  example>lf  the  liner  Is  coated  with  ceramics), 
the  gas-side  liner-surface  temperature  may  be  high,  and,  therefore,  the 
specific  radiant  heat  flow  from  the  gases.  In  this  case,  may  play  an 
Important  part  In  the  total  heat  transfer  of  the  engine. 

Specific  radiant  heat  flow  from  the  gases  to  the  chamber  liner, 
when  the  liner  Is  radiating  and  there  Is  no  protective  curtain,  may  be 
determined, In  approximation.  In  accordance  with  the  formula 

?P..- WrC.(-^)'— -»;)lkcal/m2  hr,  (9.  32) 
where  e’  0.7-0. 8  Is  the  coefficient  characterizing  gas  absorption 

O 

of  that  part  of  the  radleuit  energy,  which  Is  reflected  from  the  com¬ 
bustion-chamber  liner  (the  magnitude  of  this  coefficient  Is  greater 
than  e„);  and  „  Is  the  absolute  cort)ustlon-chamber  gas-side  llner- 
surface  temperature.  In  ®K. 

The  degree  of  blackness  of  COg  and  H2O  decreases  as  temperature 
Increases.  Therefore,  the  radiation  of  these  gases  does  not  Increase 
In  accordance  with  the  Fourth  Power  Law,  but  somewhat  more  slowly. 

Experiments  show  that  radiation  and  absorption  for  water  vapor  Is 
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proportional  to  T^g,  and  for  carbon  dioxide  It  Is  proportional  to  T^*^g, 

However,  for  convenience.  In  determining  radiation  from  HgO  €uid  COg  we 
frequently  use  the  Fourth  Power  Law  for  the  absolute  temperature,  l.e., 
the  Stefan-Boltzmann  law. 

To  determine  specific  radiant  heat  flows  from  HgO  and  CO^  to  the 
engine  combustion-chamber  liner,  the  following  formulas  are  recommended 
In  existing  literature*: 

a)  for  water  vapor 

to,  (9.33) 

b)  for  carbon-dioxide  gas 

hr.  (9.34) 

Thus,  the  total  specific  radiant  heat  flow  Is  equal  to 

=  9h.o+^co.  kcal/m^  hr.  (9*35) 

In  determining  the  value  of  q^.  In  the  characteristic  chamber 
section.  It  Is  necessary  to  consider  not  only  the  change  In  gas-stream 
geometrical  dimensions  but  also  the  changes  In  temperature,  pressure 
and  composition  for  the  gases  throughout  the  length  of  the  chamber  , 
which.  In  practice.  Is  accompanied  by  cumbersome  computations  and  does 
not  give  satisfactory  accuracy. 

Therefore,  for  the  entire  combustion  chamber  length  of  existing 
Zt^,  with  the  exception  of  the  Initial  section,  about  50-100  mm  In 
length.  It  Is  more  practicable  to  assume  the  specific  radiant  heat  flow 
as  being  constant,  and  equal  to  the  value  of  q^  which  Is  computed  In 
accordance  with  the  gas  pararoters  at  the  end  of  the  combustion  chamber, 
and  to  consider  that  q_  »0. 25q„  ^  chamber  head. 

*  A.  V.Bolgarskly  and  V.  K.  Shchukin.  Rabochlye  Protsessy  v  zhld- 
koBtno-raketnykh  dvlgatelyakh  [Cycles  In  Llqtild- Propellant  Rocket 
Engines],  Oboronglz  [State  Publishing  Ifouse  of  the  Defense  Industry], 
1933.  0.  B.  Slnyarev  and  M.  V.  Dob rovol 'sidy.  Zhldkostnyye  raketnyye 
dvigatell  [Liquid- Propellant  Rocket  Engines],  Oboronglz,  1937. 
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Pig.  9*12.  Distribution  of  specific 
radiant  heat  flow  throughout  engine - 
chamber  length,  l)  chamber  length. 


In  determining  specific  radiant  heat  flows  from  the  gases  to 
the  chamber-nozzle  liner,  we  also  may  consider  that: 

1)  in  the  subcrltical  part  of  the  nozzle,  up  to  a  section  with 
a  diameter  d^  *l‘2dj^j,,  the  specific  radiant  heat  flow  Is  constant, 

and  equal  to  the  end  of  the  combustion  chamber; 

2)  In  the  nozzle  throat  qj»»Q.  59^,  and 

3)  In  the  supercritical  part  of  the  nozzle  In  a  section  where 

dg»l*5cljjr'  and  In  a  section  where  d^  =  q^.  Is 

about  0*04qj,  jj. 

Radiation  from  the  gases  located  In  the  combustion  chamber.  In 
practice,  entirely  falls  to  reach  the  liner  of  the  supercritical 
nozzle  section. 

Thus,  It  Is  simple  to  compute  and  to  construct  a  curve  for  rapid 
determination  of  the  value  of  q^,  throughout  the  entire  length  of  the 
chamber,  upon  condition  that  the  propellant  components  are  uniformly 
distributed  across  a  chamber  cross-section  (Fig.  9.12). 

Radiant  heat  treuisfer  In  a  ZhRD  also  Is  essentially  a  function  of 
the  parameters  of  the  wall-side  gas  layer,  which  Is  formed  from  the 
combustible  or  from  a  relatively  cold  gas  fed  from  the  head  or  through 
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special  belts  of  slots  for  protecting  the  liner  against  overheatilag  by 
the  hot  gases.  In  this  case,  the  gas  stream  in  the  chamber  Is  divided 
Into  two  layers,  each  of  which  Is  distinctive  In  gas  properties  and  gas 
parameters;  these  two  layers  are  the  flow  core  and  the  wall..alde  layer. 
If  film  cooling,  as  described  above.  Is  used  In  an  engine,  part 
of  the  energy  radiated  by  the  stream  core  Is  absorbed  by  the  relatively 
cold  vraill-«ide  layer  of  gases,  especially  If  those  gases  whose  radiation 
conqposes  the  basic  part  of  gas  radiation  in  the  core  are  maintained  In 
considerable  amounts  In  the  wall-side  layer  (Pig.  9.13).  To  determine 
specific  radiation  heat  flow  in  this  case.  It  Is  necessary  to  con¬ 
sider  the  absorption  of  the  energy  emitted  from  the  core  by  the 
Intermediate  and  wall- side  layers,  the  Internal  radiation  of  the 
Intermediate  layer  and  Its  absorption  by  the  wall- side  layer  and, 
finally,  the  radiation  from  the  latter. 

If  the  area  flow  rate  throughout  the  chamber -head  field  has  an 
even  distribution,  the  Initial  thickness  of  the  wall-side  gas  layer, 
as  combustible  Is  fed  through  the  Injectors,  Is  approximately  pro¬ 
portional  to  the  distance  between  the  injectors,  and  at  a  given  dis¬ 
tance  the  thickness  of  the  layer  somewhat  depends  on  the  engine  scale. 

If  the  distance  between  the  Injectors  is  11-20  mm,  the  initial 
thickness  of  the  wall -side  layer  for  nitric-acid  engines  of  a  2-5  ton- 
thrust  with  centrifugal  Injectors  of  the  same  flow  rate,  is  equal  to 
approximately  15-30  mm.  At  such  eui  initial  thickness  for  the  wall-side 
layer,  the  strength  of  gas-core  radiation  is  already  considerably 

reduced  in  the  intermediate  and  in  the  wall- side  gas  layers,  and  the 
intensity  of  the  radiant  flux  incident  on  the  chamber  walls  Is  reduced 
by  approximately  20-70^  (as  a  function  of  the  fuel-mixture  ratio 
Xg^  In  the  wall-elde  layer).  Thus,  for  engines  of  various  thrusts  and 
combustion-chamber  pressures.  It  is  possible.  In  approximation,  to 
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,  assume  the  same  decrease  In  radi¬ 

ation  Intensity  as  that  which  would 

^ ') — — — — —  be  produced  by  a  protective  curtain 

mS;- - - - 

_  of  medium  capacity  at  the  liner 

800  — - 

-  I  — _ .  surface  (when  Xgt/Xya  =  0. 3-0.6). 

^  On  this  basis,  specific  radiant 

0^  — heat  flow  from  the  gases  to  the  com- 

Plg.  9* 13*  Computed  value  bustlon-chamber  liner,  when  there  Is 

of  as  a  function  of 

kerosene  flow  rate  Q  Protective  curtain  of  combustible 

zav 

In  forming  protective  at  the  liner,  may  be  determined.  In 

curtains,  when  Pj^  =  20 

atm  abs,  and  y  ^  =  4.4.  approximation.  In  accordance  with 

l)  q^.  10"\cal/m2  hr.  the  formula 

kcal/m^  hr,  (9.36) 

where  q^,  Is  the  specific  radiant  heat  flow  In  the  combustion  chamber 
when  there  Is  no  protective  curtain,  computed  by  the  method  given  above; 
®st.es*®*®  effective  degree  of  blackness  for  a  steel  combustion- 

chamber  liner;  ^^*0.60-0. 70  Is  the  coefficient  by  which  we  consider 
the  decrease  In  gas -core  radiation  Intensity  due  to  the  presence  of  the 
curtain;  q>2  is  the  coefficient  by  which  we  consider  the  decrease  In 
specific  radiant  heat  flow  due  to  reduced  hot  radiant  gas -core  surface 
(because  of  the  cold  wall-side  curtain  layer)  relative  to  conibustlon 
chamber  surface;  this  coefficient  may  be  determined.  In  approximation. 

In  accordance  with  the  foxa;ula 


0  1  2  3  s  6 

Pig.  9.13.  Computed  value 
of  q^  as  a  function  of 

kerosene  flow  rate  Q 

zav 

In  forming  protective 
curtains,  when  Pj^  =  20 

atm  abs,  and  Yqi  =  4.4. 

1)  q  .  10"\cal/m2  hr. 


(rf.~20(/.x-! 

*  dtfuj. 


(9.37) 


where  dj^  and  g*  are  the  diameter  and  length  of  a  cylindrical  com¬ 
bustion  chamber,  respectively;  and _t  Is  the  distance  between  the 
centrifugal  Injectors. 


*  1  1  B  1  *1 

—  K.c"— k. s  "  — kaxoera  sgoranlya  —combustion  chamber 
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The  distribution  of  specific  radiant  heat  flows  throughout  the 
entire  length  of  an  engine  combustion  chamber,  when  a  gas  curtain  Is 
present,  may  be  determined, with  sufficient  accuracy  for  practical 
purposes,  In  accordance  with  the  method  given  above,  having  first  com¬ 
puted  the  values  0^,  when  there  Is  no  protective  curtain  of  com¬ 
bustible  in  the  chamber. 

Ih  the  given  case,  there  Is  no  point  in  Introducing  any  changes, 
associated  with  the  presence  of  an  Intermediate  and  a  wall -aide  gas 
layer  along  the  chamber,  Into  this  method  for  determining  the  dis¬ 
tribution  of  the  values  of  q^,  since  determining  gas  composition  and 
gas  parameters,  which  are  required  for  computing  the  values  of  q^ 
for  a  gas  stream  with  gas  parameters  that  change  across  a  section, Is, 
at  the  present  time,  possible  only  in  extreme  approximation. 

SECTION  8.  SELECTING  SHAPES  AND  DIMENSIONS  FOR  AN  ENGINE -CHAMBER 
COOLANT  PASSAGE 

In  designing  a  regenerative  engine -cooling  system,  we  must  se¬ 
lect  an  appropriate  shape  for  the  coolant  passage  emd  establish 
coolant-passage  dimensions  throughout  the  chamber  length. 

An  engine -chamber  coolant  passage  should  be  made  so  that: 

1)  the  passage  Is  structurally  simple  and  efficient; 

2)  the  coolfiuit,  at  a  given  per-second  flow  rate,  removes  a 
specific  quantity  of  heat  from  the  liner; 

3)  the  pressure  difference  for  the  liquid  In  the  coolant  passage 
Is  at  a  minimum,  for  the  purpose  of  decreasing  hydraulic  resistance  In 
the  passage,  and,  consequently,  decreasing  the  capacity  euid  weight  of 
the  engine  fuel-feed  system. 

At  the  present  time,  ZhRD  coolant  passages  are  made  In  slotted, 
spiral,  euid  spiral-slotted  shapes  (see  Pig.  9»8),  depending  on  the 
coolant  and  the  required  structural  strength  of  the  chamber,  and  bearing 
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In  mind  the  considerations  given  earlier.  A  chamber  coolant  passage 
may  also  be  made  In  the  foim  of  longitudinal  rectangular  channels, 
formed  by  the  helices  (ribs)  of  the  chamber  flame  tube,  or  by  tubes 
which  are  shaped  and  bonded  together  directly  forming  a  "tubular" 
engine -chamber  liner. 

A  smooth  slotted  (annular)  passage  Is  the  simplest  to  manufacture. 
The  shortcomings  of  a  slotted  engine -chamber  coolant  passage  are; 

1)  poor  chamber  rigidity,  which  makes  It  necessary  to  reinforce 
the  Inner  liner  by  fastening  Ic  to  the  outer  liner  (outer  case),  or, 
sometimes,  using  thin  longitudinal  reinforcing  ribs,  about  1  mm  In 
thickness  and  several  mm  apart,  on  the  outer  surface  of  the  liner; 

2)  the  necessity  of  using  a  very  small  annular-slot  clearance  at 
,a  small  per-second  coolant-flow  rate.  In  order  to  develop  the  required 

coolant  velocity  In  the  passage  for  the  purpose  of  reliable  heat /with¬ 
drawal  from  the  liner,  which  increases  the  pressure  difference  across 
the  passage,  the  weight  of  the  fuel-feed  system  and  the  expenditure 
of  energy  In  servicing  the  fuel-feed  system;  besides  this,  there  are 
production  difficulties  In  making  a  uniform  slot  clearance  with  a 
height  of  0.8  mm.  If  the  chamber  Is  machined,  or  a  height  of  less  than 
1.5  nnn  If  the  chamber  Is  of  welded  construction. 

We  must  bear  these  remarks  In  mind  when  selecting  coolant -pas sage 
shapes  6uid  designing  engine -chamber  cooling  systems. 

Structural  coordination  between  chamber  liners  may  be  of  many 
different  forms.  It  Is  very  difficult  to  make  a  strong  connection 
between  the  Inner  and  outer  chamber  liners,  as  is  required  at  great 
pressures  In  the  combustion  chamber  (up  to  40-60  atm  abs)  and  In  the 
coolant  passage  (up  to  60-d0  atm  abs). 

In  a  slotted-passage  structure,  the  Inner  and  outer  chamber 
liners  of  an  xmcoordlnated  stress-bearing  system  are  usually  fixed 
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together  by  longitudinal  metal  rods  (or  bands),  arranged  at  a  certain 
distance  from  one  another  (resembling  the  A-4  alcohol -oxygen  engine). 

Spiral  and  spiral -annular  passages  are  used  when  It  Is  necessary 
to  Increase  the  heat  removal  from  the  liner  to  the  liquid  by  In¬ 
creasing  the  cooling  surface  of  the  liner.  This  type  of  passGige  Is 
a  series  of  square -thread  channels,  cut  spirally  Into  the  outer  surface 
of  the  chamber  flame  tube.  Such  a  passage  shape  Is  often  used  only  In 
the  throat  section  of  the  nozzle,  which  has  a  greater  magnitude  of 
thermal  stress,  while.  In  the  remaining  parts  of  the  combustion  cham¬ 
ber,  It  Is  more  practicable  to  use  the  relatively  simple  slotted  pas¬ 
sage. 

The  f low-throvigh  section  that  we  select  for  the  spiral  channel 
depends  on  the  coolant : velocity;  the  usual  channel  height  Is  2-3  mm, 
with  a  helix  thickness  of  about  1  mm. 

All -welded  chambers  made  of  sheet  metal,  even  if  well  fitted  (by 
mandrels,  templates,  etc.),  may  have  deviations  in  the  measurement  of 
the  inter-jacket  clearance  of  the  order  of  plus  or  minus  0.4  mm, 
commensurable  with  the  rated  clearance.  Insignificant  deviations  from 
the  rated  clearance  will  give  either  a  sharp  local  Increase  in  the 
coolant  velocity,  which  leads  to  the  liner  burning  throiigh,  or  an  Im¬ 
permissibly  high  passage  resistance,  and,  if  the  walls  close,  the 
liner  will  bum  out.  We  often  observe  all  theses  defects  at  a  time  when 
the  engine  is  nearly  completed,  or  even  while  observing  static  engine 
tests.  For  these  reasons,  a  slot  clearance  of  not  less  than  1.3  mm 
between  engine -chamber  liners  Is  advisable. 

In  some  cases,  it  is  expedient  to  use  a  spiral  passage  for  the 
coolant  flow,  at  the  same  time  allowing  a  clearamce  between  the  liners  of 
1. 3-2.0  mm  or  more.  A  spiral  coolant  passage  is  more  advantageous  than 
a  slotted  passage  for  engines  with  a  thrust  of  about  0.3-1 >3  tons. 
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The  intensification  of  regenerative  cooling  must  be  accompanied 
by  the  general  increase  In  manufacturing  precision  of  the  coolant 
passage,  especially  In  the  nozzle-throe-  area. 

The  essential  difficulty  associated  with  regenerative  cooling  when 
using  a  slotted  passage  lies  In  achieving  and  maintaining  the  required 
coolant  velocity  with  reasonable  accuracy. 

A  spiral  engine -chamber  coolant  passage  has  the  following  Inherent 
shortcomings: 

1)  the  complexity  of  cutting  the  spiral  threads  on  the  liner, 
especially  on  the  conical  section  of  the  nozzle,  which  Increases  the 
cost  of  the  chamber  In  relationship  to  a  chamber  with  a  slotted 
passage ; 

2)  the  relatively  great  coolant  hydraulic  losses  In  the  passage 
at  a  quite  Insignificant  decrease  In  Inner-liner  temperature,  due  to 
the  use  of  helices,  which  makes  It  necessary  to  raise  coolant  pressure 
at  the  entrance  to  the  passage,  as  well  as  feed  pressure. 

After  selecting  coolant -passage  shapes.  It  Is  necessary  to  es¬ 
tablish  passage  dimensions  which  will  provide  reliable  and  economical 
engine  cooling.  Thus,  the  necessary  preliminary  condition  Is  to  pro-- 
Vlde  the  required  liquid  velocity  In  the  nozzle-throat  section. 

If  an  excessively  great  coolant  velocity  In  the  passage  Is  re¬ 
quired  for  reliable  regenerative  engine  cooling,  which  would  be  accomp¬ 
anied  by  a  considerable  loss  In  coolant  pressure,  the  need  for  a  heav-  ■ 
ier  and  more  powerful  fuel-feed  system,  we  must  use  one  of  the  well- 
known  special  methods  of  protecting  the  liner  against  overheating. 

In  existing  engines,  coolant  pressure  difference  across  the  passage 

p 

usually  amounts  to  5-20  kg/cm  or  more,  and  coolant  velocity  Is*: 

*Ekspres8-Informatslya,  AN  USSR»  No.  23,  RT-68,  1938.  A.  V.  Satton 
[sic,  possibly  Q.  P.  Sutton].  Raketnyyedvlgatell  [Rocket  Engines], 

IL,  1950. 
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a)  In  combustion  chambers  —  about  2-6  m/sec; 

b)  In  a  nozzle  throat  —  about  6-15  m/sec,  or  higher. 

In  particular,  the  following  coolant  velocities  exist  In  the  cool¬ 
ant  passage  for  the  A-4  alcohol -oxygen  engine. 

a)  In  the  maximum-diameter  region  of  the  combustion  chamber  — 
about  3  m/sec; 

b)  In  the  nozzle-throat  section  —  about  12  m/sec; 

c)  In  the  nozzle-outlet  section  —  about  4  m/sec. 

If  absolutely  necessary,  coolant  velocity  In  a  chamber  nozzle- 
throat  passage  may  be  raised  to  25-30  m/sec. 

Coolant  velocity  In  an  engine -chamber  coolant  passage  must  not  be 
greater  than  that  required  by  the  conditions  for  removing  specific 
heat  flows  from  the  liner,  since,  otherwise,  coolant  pressure  difference 
across  the  passage  would  be  needlessly  Increased.  For  this  purpose,  the 
clearance  of  the  annular  slots  In  an  engine  coolant  passage  Is  made 
smaller  In  those  places  where  the  specific  heat  flows  from  the  gas  to 
the  liner  are  greater. 

Coolant  pressure  difference  across  an  engine -chamber  coolant 
passage  usually  amounts  to  1/3  of  the  pressure  Pj^  In  the  combustion 
chamber,  l.e.. 


When  designing  Zh^-chamber  cooling  systems,  we. may  assume  that 
^okhl  ^  cooling  Is  accomplished  by  the  combustible  and 

Apokhi  ^  cooling  Is  accomplished  by  the  oxidizer. 

The  assumption  of  these  values  of  require  Intro¬ 

ducing  any  complexities  of  principle  Into  the  chamber  design. 


*  ^%xji  ~  ^^okhl  ~  ^^okhlazhdayayushchaya  *  ^^coolant* 


-  621  - 


An  analysis  of  Formula. (9* 57) ,  used  to  determine  the  value  of  the 
heat-trsuisfer  coefficient  shows  that  Increasing  the  value  of 

by  30-40}^  would  lead  to  an  Increase  In  the  value  of  the  heat-trcinsfer 

coefficient  by  only  10-145^,  since  this  coefficient  changes  In  pro- 
portion  to  coolant  velocity  to  the  power  of  0.8  (w  ),  while  the  change 
in  the  value  of  is  proportional  to  the  square  of  w;  under  this 

condition,  there  Is  no  essential  change  in  the  results  of  the  compu¬ 
tation.  Therefore,  we  usually  assume  that  the  maximum  coolant  velocity 
in  the  chamber-nozzle  throat  section  is  not  higher  than  20-25  m/sec. 

The  required  preliminary  condition,  when  we  design  an  engine 
chamber,  is  to  provide  for  a  certain  coolant  velocity  In  the  noszle- 
throat  section. 

In  contemporary  engines,  the  clearance  (height)  of  the  annular 
coolant -passage  slot  ranges  from  1  to  5  nmi. 

When  designing  a  ZhRD-coollng  system,  we  often  assvune  the  magni¬ 
tude  of  the  Inter-Jacket  clearance  on  the  basis  of  statistical  data, 
and  thus  determine  coolant  velocity  within  the  passage;  we  Judge  the 
reliability  of  engine  cooling  by  the  magnitude  of  coolant  velocity. 

An  Insignificant  deviation  from  normal  clearance  magnitude  gives 
either  a  sharp  (local)  Increase  in  coolant  velocity  within  the  passage, 
which  leads  to  the  chamber  liner  burning  through,  or  an  impermissibly 
high  passage  resistance,  and  if  the  liners  close  together,  the  engine 
chamber  may  bum  out. 

As  we  consider  the  conditions  for  reliable  cooling  for  engines 
with  a  thrust  of  1  to  10  tons,  we  must  acknowledge  that  an  Inter- 
Jacket  clearance  of  1.3  or  even  1  mm.  is  advisable.  Practice  shows 
that,  in  a  welded  construction  with  a  dieuneter  of  more  than  130  mm, 
this  clearance  is  maintained  with  a  precision  of  +  0.3  nm.  However,  to 
avoid  an  accidental  change  in  the  magnitude  of  the  slot  clearance. 
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which  might  disrupt  normal  llner-coollng  conditions,  an  Inter- Jacket 
clearance  of  about  1.3-2  mm,  or.  In  some  cases,  even  greater,  should 
(  T  be  selected. 

An  Inter- Jacket  clearance  may  also  be  determined  by  computation, 
having  asBimied,  tentatively,  the  magnitude  of  and  the  nature  of  the  change 
In  coolant  velocity  throughout  the  length  of  the  passage,  beginning  with 

due  consideration  of  the  quantity  of  heat  to  be  removed  from  the  liner 
and  the  permissible  coolant-pressure  difference  across  the  passage  In 
this  particular  case.. 

The  area  of  the  coolant -pas sage  cross  section  (channel)  may  be  de¬ 
termined  In  accordance  with  the  following  formulas  (see  Pig.  9.8); 

a)  slotted 

(9.38) 

b)  spiral  and  rectangular 

^-0*1.  (9.39) 

•T 

2 

If  a  =  b,  which  often  Is  the  case,  P^j^  «  b  1. 

We  may  determine  coolant  velocity  In  the  passage  by  using  these 
formulas. 

The  equivalent  (hydraulic)  diameter  of  the  coolant  passage,  which 
Is  required  for  determining  the  coefficient  of  convective  heat  transfer 
from  the  liner  to  the  coolant.  Is  determined  In  accordance  with  the 
following  formulas: 

a)  for  a  smooth  slotted  passage 


/7  W/. 


(9.40) 


ad 

3K  ek  ekvlvalentnyy  equivalent* 
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b)  for  a  spiral  or  slotted  passage  with  longitudinal  ribs 


n 


AaH 


A0h 


(«  +  2»)/  «  +  2»* 


(9.41) 


If  a  =  b,  dgjj  =  4/3 (b),  where  a  Is  the  width  of  the  channel 
between  two  ribs  (helices),  b  Is  the  height  of  the  rib,  1  Is  the 
number  of  channels  (entries),  and  2  Is  the  ptrlmeter  ©f  heat  transfer 
from  the  liner. to  the  coolant. 

Thus,  for  a  spiral  passage 


w^l  * 

where  w  Is  the  mean  coolant  velocity  In  the  passage.  In  m/sec;  and 
y  Is  the  specific  weight  of  this  liquid,  at  the  corresponding  .ten^ra. 
ture  In  the  passage.  In  kg/m^. 

SECTION  9.  DETERMININO  DEGREE  OP  COOLANT  PREHEATINa  THROUGHOUT  ENGINE- 
CHAMBER  COOLANT-PASSAGE  LENGTH. 

With  a  steady-state  heat-transfer  process  In  a  ZhRD,  and  negli¬ 
gible  heat  transfer  to  the  surrounding  medlvun,  all  heat  transferred 
by  the  gas  to  the  chamber  liner  must  enter  Into  preheating  of  the 
coolant. 

Coolant  preheating  across  a  given  section  of  the  chamber  passage 
may  be  determined  from  the  equation  of  heat  balance 

1 .  e  • , 


OmMC,' 


(9.42) 


where  S^  Is  the  surface  of  the  1-th  section  of  the  liner.  In  m  j 

p 

q^  Is  the  mean  specific  heat  flow  across  this  section.  In  kcal/m  hr; 
Gokhi  coolant -flow  rate.  In  kg/hr;  and  C^^  Is  the  mean  coolant 

heat  capacity  across  the  1-th  section  of  the  liner.  In  kcal/kg  ®C; 

-  624  - 
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since  liquid  preheating  across  the  section  Is  not  great,  one  may  use 


the  value  of  C.  at  the  temperature  t.  *  of  the  liquid  at  Inlet 
^  ^vkh 

to  the  passage. 

By  means  of  this  equation,  we  may  compute: 

1)  coolant  temperature  at  the  outlet  from  the  passage  of  the  1-th 
section 

•  (9.43) 

2)  mean  coolant  temperature  In  the  passage  of  this  section 

3)  total  liquid  preheating  In  the  chamber  passage 

w,- 2 ■  (9.45) 

4)  coolant  temperature  at  the  outlet  from  the  chamber  passage 


where  t^j^  Is  coolant  temperature  at  the  Inlet  to  the  chamber  cool-..  ;  - 
ant  passage. 

For  the  cylindrical  section  of  a  combustion  chamber,  the  previous 
foitnula  for  computing  coolant  preheating  In  the  passage  takes  the 
form 


part  of  the  combustion  chamber,  re- 


O 


Pig.  S,lk.  Approximate  pattern 
of  change  In  temperature  for 
gas -side  and  liquid-side  liner 
surfaces  and  of  coolant.  In  the 
passage,  throughout  chamber 

length.  1)  q,koal/m  hr;  2) 
numbers  of  nozzle  sections. 


spectlvely.  In  m;  and  0^^  Is  the  mean 
coolant  heat  capacity,  at  a  given 
temperature  Interval,  In  the  combustion 
-chfianber  coolant  passage.  In  kcal/kg 
®C. 

We  then  construct  the  curve  of 
the  change  In  the  value  of  through¬ 
out  the  engine -chamber  length  In 
accordance  with  the  computed  data 
(Pig.  9.14). 

The  specific  heat  capacity  of 
certain  liquids,  as  a  function  of 
temperature.  Is  given  In  Section  2, 
Chapter  V. 

Por  reliable  regenerative 
engine  cooling.  It  Is  necessary  for 


the  coolant  to  remove  as  much  heat  from  the  chamber  liner  as  was  trans¬ 


ferred  to  the  liner  from  the  hot  gases,  and  that  the  temperature  of 
this  coolsuit  does  not  exceed  Its  boiling  point,  at  the  given  pressure, 
at  the  outlet  from  the  passage.  If  this  requirement  Is  not  satisfied. 
In  order  to  remove  the  available  quantity  of  heat  from  the  liner 


(9.48) 


one. must  either  use  both  propellant  components  (If  the  second  component 
Is  suitable  for  this  purpose),  or  protect  the  liner  against  overheating 
by  injecting  combustible  from  the  chainber-head  side,  or  through  special 
belts.  If  more  convenient  methods  do  not  exist.  As  engine  thrust  increases 
and  pressure  across  the  combustion  chamber  decreases,  the  value  of 
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decreases 


Pig.  9.15.  Approxlmsite  - 
pattern  of  change  in  de¬ 
gree  of  pre -heating  for 
nitric  acid  In  an  engine 
coolant  passage  4  when  p^  = 

=  40  atm  abs,  as  a  function 

of  thmist  and  fuel-mixture* 
ratio  for  liner  walls 

of  different  thickness. 

1)  p^  .  40  atm  absj 

2)  6  m  thickness  of 
chaotber  liner,  In  mm. 


Coolant  preheating  temperature  In  the 
passage  may  be  somewhat  decreased  by  uslng^ 
Instead  of  a  cylindrical  shape,  a  spheri¬ 
cal  combustion  chamber,  which,  other 
things  being  equal,  has  a  relatively 
smaller  heating  surface. 

The  greatest  quantity  of  heat  that  a 
given  quantity  of  coolant  can  remove  from 
a  chamber  liner  Is  determined  by  the 
coolant  heating  up,  at  the  given  pressure, 
to  boiling  point  °C.  The  higher  cool¬ 

ant  boiling  point  and  heat  capacity  are, 
the  more  heat  may  be  transferred  from  the 
chamber  liner  to  the  liquid,  and  the  more 
efficient  the  cooling  system.  The  effi¬ 


ciency  of  the  combustible -film  method  of  protecting  the  Inner  chamber 


liner  against  overheating  also  depends  on  heat  of  combustible  vaporiza¬ 
tion;  the  higher  the  value  of  this  heat  of  vaporization,  the  more  ef¬ 
ficient  the  liner  protection. 

To  determine  the  possibility  of  regenerative  engine  cooling  by 
means  of  one  or  both  propellant  components.  It  Is  necessary  to  determine 
the  maximum  permissible  specific  heat  (referred  to  1  kg  of  coolant) 
and  the  total  possible  per-second  propellant-component  heat  Qyo2m* 
be  removed,  by  using  the  following  formulas: 

1)  If  cooling  Is  acconqpllshed  by  means  of  the  combustible 

kcal/kg**  (9*^9) 


*  ^BosM*^ozm  “  ^ozmozhnyy  “  S>OB8lble* 

**  ^aon*  ^dop  “  ^dopiutlmaya  ’*  ^permissible* 
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(9.50) 


kcal/secj 

2)  If  cooling  Is  accomplished  by  the  oxidizer 

kcal/kg;  (9.51) 

0Ka«.o— <5xoQ,a.«  kcal/secj  (9.52) 

3)  If  cooling  Is  accomplished  by  means  of  both  propellant  comp¬ 
onents 

^ri!±%;_kcal/kg;  (9.53) 

1  +  x 

kg/ sec;  ( 9 •  54 ) 

where  Cg  and  are  the  mean  heat  capacities  of  the  combustible  and 
oxidizer,  respectively.  In  kcal/kg  °C;  Is  the  permissibly  safe,, 

coolant  preheating  temperature  in  the  passage,  at  the  given  pressure 
In  °C;  and  X  =  0^  q/Oq  g  is  the  actual  fuel-mixture  ratio,  by 
weight . 

Preheating  for  the  liquid  In  an  engine -chamber  coolant  passage  Is 
usually  permissible  up  to  the  quantity 

(20  +  ^i,)- 

At  a  pressure  of  20-60  atm  abs,  kerosene  may  be  preheated  to  250- 
300°C;  thereTore^  the  permissible  specific  heat  removal,  when  t.^^  = 

»=  0°C,  may,  accordingly,  amovint  to  15O-I85  kcal/kg. 

The  heat  capacity  of  nitric  acid  Is  less  than  the  heat  capacity  of 
kerosene;  therefore  the  maximum  specific  heat  removal  of  nitric  acid 
Is  less.  However,  If  we  consider  the  fact  that  the  per-second  nltrlc- 
acld  flow  rate  In  the  engine  Is  greater  than  the  kerosene  flow  rate  by 
almost  a  factor  of  4,  we  see  that  the  total  maximum  heat  removal 
for  nitric  acid  Is  considerably  greater  than  the  total  heat  removal 
of  kerosene. 

Flgxire  9.15  shows  curves  for  am  example  of  a  change  In  degree  of 
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nltrlc-acld  preheating  In  a  combustion-chamber  coolant  passage,  when 
Pj^  =  40  atm  abs,  as  a  function  of  thrust  and  the  fuel-mixture  ratio 
X  at  the  wall  of  the  chamber,  liner.  ,  . 

SECTION  10.  DETERMININO  LIQUID-SIDE  AND  OAS-SIDE  ENGINE -CHAMBER  LINER 
TEMPERATURES 

The  liquid-side  chamber-liner  surface  temperature  is  chiefly  a 
function  of  the  thermal  conductivity  X  and  thickness  6  of  the  chamber- 
liner  material,  as  well  as  of  the  conditions  vinder  which  this  surface 
is  flushed  by  the  coolant. 

The  more  intensively  the  coolant  flushes  the  liner  surface,  the 

better  the  coolant  will  remove  heat,  and  the  lower  the  temperature 

tp  °C  of  the  liquid-side  liner  surface  will  be. 

A  decrease  in  the  value  of  t_  in  turn,  entails  a  decrease  in 

p.  zh  ' 

the  value  of  t^  and  the  latter  leads  to  a  change  in  the  entire  heat 
P*g 

flow  from  the  gases  to  the  liner.  Thus,  there  is  a  definite  inter¬ 
dependence  between  chamber -liner,  surface  temperatures  and  heat  flows. 

The  liquid-side  engine -chamber  liner-surface  tenqperature  in  given 
sections  may  be  determined  from  the  equation  of  specific  heat  flow 
through  the  liner: 

X  2 

?=— (<„.r-<o.«)  kcal/m  hr, 

0 

1  •  G  •  ^ 

(9.55) 

where  tp  ^  is  the  gas -side  liner-surface  temperature,  the  value  of 
which,  when  computing  specific  heat  flows  from  the  gas  to  the  liner, 
in  the  first  approximation,  must  be  assumed  in  accordance  with  the 
considerations  of  engine  heat  reslstemce,  strength,  and  service  life; 

6  is  the  chamber-liner  thickness  in  the  given  section,  in  m  [slc]j 
tha  aagnltuda  of  6,  in  the  first  approximation,  isay  be  aasvaned  on  the 
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basis  of  statistical  data;  and  X  Is  the  mean  thermal-conductivity  co¬ 
efficient  for  the  liner  metal.  In  kcal/m  hr  °C,  determined  In  accord¬ 
ance  with  the  curves  (Pigs.  9*16  and  9*17)  or  from  the  appropriate 
formula. 

As  we  determine  the  value  of  t^  accordance  with  Formula 

p.  zti* 

(9*55)|We  must  aim  for  the  corresponding  change  In  the  magnitudes  of 
t  and  X  for  the  material,  so  that  the  liner  will  be  of  high  strength 
and  stability,  and  the  value  of  I* when  using  the  ordinary  slotted 
passage,  does  not  exceed  coolant  boiling  point,  to  avoid  local  vapor 
locks  (if  the  coolant  flows  throxigh  a  sufficiently  narrow,  Insulifcfed 
channel  and  If  engine  service  life  Is  short,  the  value  of  tp^^^  may  ex¬ 
ceed  coolant  boiling  point.  In  the  corresponding  section,  by  approx¬ 
imately  50®C). 

When  the  value  of  tp  ^  changes  In  comparison  to  Its  value  that 
was  assiimed  when  computing  specific  convective  heat  flow  £,  It  Is 
necessary  to  bear  In  mind  that  a  change  of  temperature  by  lOO^C  causes 
the  value  of  £  to  change  by  5-10$^. 

Computation  of  the  value  of  tp  Is  performed  In  the  following 
order; 

1)  we  determine  the  value  of  X,  In  the  first  approximation,  at  a 

temperatvire  t^^  “  ^^p  g  ^  ^p  having  assiuned  the  emtlolpated 

tenqperature  tp  In  advance; 

2)  we  compute  the  value  of  tp  In  the  first  approximation  In 
accordance  with  Formula  (9*55)j 

3)  we  refine  the  magnitude  of  tp  In  accordance  with  the  comp¬ 
uted  values  and  the  appropriate  curves  showing  the  thermal-conductivity 
coefficient  of  the  metal  as  a  function  of  temperature; 

4)  we  refine  the  value  of  tp  In  accordance  with  the  refined 
value  of  X. 


-  630  - 


60 

MO 


0 

0 

Pig.  9.16.  Thermal -conductivity  coefficients  for  carbon  steels^as  a 
function  of  temperature.  1)  X,kcal/m  hr  °0;  2)  steel  08;  3)  eteel 
15j  4)  steel  45;  5)  steel  25. 

In  accordance  with  the  results  of  the  computations «  we  can  con¬ 
struct  a  curve  of  the  change  In  the  value  of  tp  throughout  the 
engine -chamber  length  (see  Fig.  9*14). 

The  llquld-slde  engine-chamber  liner-surface  temperature.  In  the 
given  section  of  the  chamber,  also  may  be  determined  In  accordance 
with  the  formula 

(9.56) 

*»« 

Where  t^^  Is  the  mean  coolant  temperature  In  the  passage  of  the 
chamber  section  being  studied; 

Is  the  coefficient  by  which  we  consider  the  Increase  In  efficiency  for 
the  svirface  of  heat  transfer  from  the  liner  to  the  coolant,  relative 
to  the  Inner  gas-side  liner  siirface,  to  which  the  magnitude  of  specific 
heat  flow  pertains;  here  d  and  6  are  the  Inner  diameter  along 

o 

the  gas-side  surface,  and  the  thickness  of  the  chamber  liner,  for 
the  section  being  studied,  respectively;  Is  the  coefficient  of 
heat  transfer  from  the  liner  to  the  coolant,  as  the  coolant  moves 
turbulently  and  Is  heated,  vdilch  Is  conqputed  In  accordance  with  the 
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empirical  fomni&l.*: 


kcal/m^  hr®C;  (9. 57) 

tfhere  Is  the  equivalent  coolant -passage  diameter.  In  mj  1b 

the  coolant-flow  rate.  In. kg/sec;  P  ^  Is  the  coolant -passage  flow 

zn 

area.  In  m^j  , 


Is  a  coefficient  which  Is  a  function  of  the  type  of  coolant  and  mean 

coolant  temperature  (Pig.  9.18);  and 

B  ,  /  Pr«  _  //vC«  /Cfcal2as\*’“ 

'  Pfa.«/  ■  \  I  / 


Is  a  coefficient  by  means  of  which  we  consider  the  direction  of  the 
heat  flow  and  temperature  head,  which  Is  the  ratio  of  the  Prandtl 
nvunbers,  respectively,  of  coolant  temperature  In  the  passage  (numerator) 
and  of  mean  llquld-slde  liner-surface  temperature  of  this  passage 
(denominator),  where  iC8Bec/m^,C2j^  and  Iccai/msec  ®C 

are,  respectively,  coolant  viscosity,  heat  capacity,  and  thermal 
conductivity  at  mean  coolemt  temperature  In  the  passage  of  the  section 
being  studied;  and  rjp  and  Xp  are  coolant  viscosity,  heat 

capacity,  and  thermal  conductivity,  respectively,  at  the  llquld-slde 
chamber-liner  surface  temperature. 

The  coefficient  ^  considerable  degree.  Is  a  function  of 

coolant  properties,  which,  at  present,  have  still  been  very  little 
studied  for  certain  combustibles  and  oxidizers. 

The  physical  constants  of  certain  liquids  used  In  ^RD  are  given 
In  Section  2,  Chapter  V. 

The  curves  In  Pig.  9.21  [sic, probably  Pig.  9*18]  show  that: 


*A.  M.  Nlkhes^  [sic].  Osnovy  teploperadachl  [The  Bases  of  Heat  Trans¬ 
fer],  Oosenergolzdat  [State  Power  Engineering  Publishing  House],  1956. 
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1)  a  hot  liquid,  other  condi¬ 
tions  being  equal,  cools  a  liner 
better  than  one  which  is  less  heated; 
this  fact  Is  explained  by  the  change 
In  the  physical  constants  of  the 
liquid  at  a  change  In  temperature; 

2)  water  Is  the  most  efficient 
coolant,  better  than  kerosene,  approxi¬ 
mately  by  a  factor  of  5-6iand  better 
than  nitric  acid  by  almost  a  factor 
of  1.5#  and  nitric  acid  Is  better 
than  kerosene  by  a  factor  of  almost 
1.5-2. 

For  different  liquids  the  thermal- 
conductlvlty  coefficient  XaO. 08-0.60  in  kcal/m  hr  °C.  For  the  majority  of 
liquids  (except  water  and  glycerine),  the  value  of  X  increases  as 
temperature  rises. 

At  great  specific  heat  flows,  the  formula  given  above  for  detennln- 
Ing  the  value  of  a  gives  understated  computation  results.  In  existing 
engines,  the  value  of  ~  10^-10^  kcal/m^  hr  °C. 

If  the  tenqperature  has  been  determined  In  accordance  with 

Formula  (9.55),  the  coefficient  of  heat  transfer  from  the  liner  to  the 
coolant  may  be  determined  In  accordance  with  the  formula 

kcal/m^  hr°Ci 

By  using  this  formula,  together  with  the  I^sselt  formula,  for  de¬ 
termining  we  may  obtain  an  e;q>resslon  for  determining  the  required 
area  of  the  engine -chamber  coolant -passage  flow  section: 

(9.58) 


.  Fig.  9. 17.  Thermal -conductivity 
coefficients  for  copper,  aluml- 
nim,  and  alttmlnum  alloys,  as  a 
function  of  temperature,  l) 
kcal/»  hr  C  ;  2;  coppjert  . 

3)  alumlniun;  4)  AK  5;  5)  AK  4; 
6)  AS  1. 
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120  HO  i*e 

Fig.  9.18.  The  B  conqplexj 
as  a  function  of  tempera¬ 
ture,  for  different  liquids 
(C.v,  kcalAg  C*  ^  kcal/m 

zn^  o 

sec  C,  and  tj  kg  sec/m  ). 
1)  water;  2)  75^6  CgH^OH; 

3 )  965^  CgHgOH ;  4 )  96^  HNP3 ; 

3)  kerosene. 


For  determining  the  value  of 
F^j^  in  accordance  with  this  formula, 
we  must  tentatively  assume  the  antici¬ 
pated  approximate  value  of  coolant - 
passage  equivalent  diameter  d^j^,  and 
then  check  to  see  if  the  computed 
value  of  dgj^  does  not  vary  too  greatly 
from  this  value.  If  this  divergence 
is  considerable,  we  must  repeat  the 
determination  of  having  assumed^ 

at  the  same  time,  a  new  computed 
value  of  dgj^. 

We  usually  determine  the  value 
of  for  the  most  characteristic 


sections  of  the  chamber  nozzle,  thus  simplifying  coolant -pas sage  shape 
for  design  and  manTjuraoturing  considerations.  Thus,  we  determine  cool¬ 
ant  velocity  in  the  passage  in  accordance  with  the  already  well-known 


fonmla: 


m/sec. 

wm 

As  a  result  of  the  computations,  it  may  appear  that  the  dimensions 
of  the  Interjacket  space  are  too  small  auid  too  difficult  to  accomplish, 
from  a  production  standpoint,  within  the  limits  of  the  required  toler¬ 
ances.  Then  we  must  either  use  a  spiral  coolant  passage  or  use  special 
methods  to  decrease  specific  heat  flows  5^9  If  the  coolauit  velocity  in 
the  passage  is  too  great^from  the  viewpoint  of  hydraulic  losses,  we 

must  either  increase  temperature  t  .to  permissible  limits,  or  de- 

p.  zn  ' 

crease  the  value  of  5[jby  taking  appropriate  measures. 

In  chamber  coolant  passages  made  in  the  form  of  spiral  or  longi¬ 


tudinal  channels,  heat  is  transferred  to  the  coolant  both  from  the 
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cylindrical  parts  of  the  flow-channel  liner  surfaces  6uid  from  the  side 
surfaces  of  these  channel-helices.  Since  the  efficiency  of  heat  trans¬ 
fer  from  the  helices  Is  less  than  the  efficiency  of  heat  transfer  from 
the  cylindrical  surface  of  the  liner.  In  order  to  determine  the  value 
of  we  must  somewhat  decrease  the  cooled  perimeter  of  the  helices. 

The  temperature  of  the  gas-side  engine -chamber  liner  surface r 
within  selected  sections,  may  be  determined  In  accordance  with  Fommla 


(9.55) 


1 


+ 


^n.  m 

l+UriX  ^ 


If  the  temperature  tp  ^  obtained  by  this  means  differs  by  more 

than  5^  from  the  teiqperattjre  value  that  was  Astamdneirller,  when  de- 

temlnlng  specific  heat  flows.  It  Is  necessary  to  find  the  values  of  the 
specific  heat  flows  at  this  temperature  and  repeat  all  the  computations 

from  the  beginning. 

In  the  second  approximation,  we  usually  do  not  recalculate  specific 
radiant  heat  flows  from  the  gases  to  the  chamber  liner,  since  a  small 
change  in  the  value  of  tp  ^  has  a  quite  Insignificant  effect  on  the 
magnitudes  of  specific  radiant  heat  flows;  therefore,  for  further 
computations,  we  assvune  that  q^g  =  q^^. 

The  computed  values  of  ^^h'^p.zh'  ^P*g  satisfy  the  re¬ 

quirements  set  forth. 

If  the  value  of  t_  „  obtained  exceeds  the  permissible  limits  for 

P*  8 

the  given  chamber-liner  metal,  then,  to  decrease  tp  ^  to  a  permis¬ 
sibly  Safe  limit,  one  must  decrease  the  value  of  or.  If  possible, 

decrease  chamber-liner  thickness.  If  these  measures  are  Inadequate  or 
Impracticable,  we  must  use  a  special  method  of  protecting  the  liner 
Gigalnst  overheating  by  the  hot  gases. 

The  result  of  the  computations  for  changes  In  magnitudes  of  q^^, 

Qr'  9'  ^zh'  ^p  eh  ^p.g'  ^hzN>ughov<t  the  length  of  the  combustion 

-  635  - 


Fig.  9<19*  For  determining 
llquld-slde  and  gas -side  cham- 
ber-llner  surface  temperatures 
by  the  graphic  method,  l) 
chamber  liner;  2)  coolant; 

3)  gas. 


c  Chamber  and  nozzle  are  usually 

placed  In  tables  and  presented  In 

^  ^  the  form  of  the  corresponding .curves. 

— .-L. - ^ -  Since,  according  to  Eqxiatlon 

(9i6)#  the  total  temperature  head  In 
*■  ^  ZhRD  heat-transfer  system  Is  ex- 

g  pressed  by  the  equation 

1—^  — after  multiplying  and  dividing  the 

Pig.  9.19.  For  determining  right-hand  part  of  this  equation  by 

‘he  llner^terlal  thermal^oixtaot- 
ivlty  coefficient  1,  we  obtain 

3)  gas.  .  1 V 

(-+«  +  -)  “C. 

*  \  «r  «*  / 

Where  X/o  Is  the  effective  (overall)  thermal  reslatanoe  for  heat  trans- 

O 

fer  from  the  gases  to  the  chamber  liner.  In  m  [sic];  ^/o2h 

for  heat-transfer  processes  from  the  chamber  liner  to  the  coolant;  aund 

*T  ■« 

Is  the  same  for  the  total  thermal -resistance  thickness. 

The  equation  which  we  have  stated  shows  that  the  temperature, 

across  the  entire  thickness  of  an  engine  heat -transfer  system  heat 
layer,  changes  according  to  the  linear  law.  This  permits  determining 
gas -side  and  ilquld-slde  chamber-liner  surface  temperatures  by  the 
graphic  method. 

The  graphic  method  of  determining  the  values  of  t^  ^  and  t^  ^  Is 
based  on  the  Idea  of  replacing  the  layer  of  gas  and  coolant  by  an 
equivalent  solid  chamber  liner  with  a  thermal-conductivity  coefficient 
equal  to  the  value  of  X  for  the  metal  of  a  real  liner,  and  consists  of 
the  following  steps  (Fig.  9*19): 

1)  we  draw  chaadser-llner  thickness  6,  In  m  [sic].  In  an  eui'bltrary 
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scale,  and  from  there  along  the  x-axls.  In  the  same  scale,  we  plot 
to  the  left,  the  valu^  of  ^/oig»  I*!  ®  [sic],  and  the  value  of 
In  m  [sic],  and  then  drop  the  boundary  perpendiculars  1  and  2  to  the 
x-axls; 

2)  we  plot  the  appropriate  values  of  gas  teiqperature  t  °C  and 

O 

coolant  tenqperature  ^zh  on  the  perpendiculars  mentioned,  also  to 
an  arbitrary  scale; 

3)  we  connect  the  points  t^  and  t^^  obtained  on  the  perpendiculars 

by  a  straight  line,  which  Intersects  the  gas- side  and  liquid- side  liner 
surfaces,  and  In  the  adopted  scale,  yields  the  imknown  values  of  tem¬ 
peratures  t„  ^  [sic,  probably  t^  and  t  . 

g.p  ^  •'  p,g  p.zn 

Then,  If  necessary,  we  recompute  the  heat  flows  as  Indicated 
above . 

The  change  In  the  temperature  of  the  thermal  field  of  the  heat- 
transfer  system  In  an  engine  also  may  be  presented  graphically  as  a 
function  of  the  thermal  resistances  of  the  syst«n:  l/a-,  Vx,  and 

O 

SECTION  11.  PROTECTIVE  CURTAINS  FOR  AN  ENOINE- CHAMBER  INNER  LINER 

Films  of  combustible  are  used  to  protect  an  engine- chainber  liner 
against  overheating  when: 

1)  the  Influx  of  heat  from  the  gases  to  the  liner  Is  so  great 
that  It  cannot  be  removed  by  one  or  both  propellant  components; 

2)  the  magnitudes  of  the  specific  heat  flows  In  separate  sections 
of  the  chamber  liner  (especially  In  the  nozzle  throat)  are  so  great 
that  they  also  cannot  be  removed  by  a  purely  regenerative  method, 
given  moderate  coolant  velocities; 

3)  It  Is  advisable  to  reduce  heat  flows  from  the  gases  to  the 
liner  and  thus  ease  the  conditions  of  regenezatlve  cooling,  or  to 
reduce  hydraulic  losses  In  the  engine  coolant  passage  with  a  small 

-  637  - 


Fig.  9.20.  Design  of  belt  for  protecting  engine- chaoiber  liner 
against  excessive  heating  by  hot  gasils.  1)  Coolant  flow  In  Inter- 
Jacket  space;  2)  feeding  of  combustible  to  form  protective  cur¬ 
tain;  6f  thickness  of  film  curtain;  A)  film  curtain. 

decrease  In  specific  thrust; 

4)  It  Is  necessary  to  Increase  the  engine  seivlce  life  consider¬ 
ably,  If  more  economical  methods  of  protecting  the  chamber  liner  from 
the  hot  gases  do  not  exist; 

3}  It  Is  advisable  to  use  Inexpensive  and  light  materials  such 
as,  for  exan?)le,  carbon  steels  or  aluminum,  in  fabricating  the  chamber 
liner; 

6)  we  must  protect  the  chamber  liner  against  the  corrosive  action 
of  products  of  fuel  combustion. 

Protective  curtains  for  the  engine- chamber  liner  may  be  created 
by  feeding  a  certain  quantity  of  combustible  along  the  Inner-liner 
surface  by  means  oft 

1)  peripheral  Injectors  In  the  combustion- chamber  head  or  by 
an  annular  slot  between  the  combustion- chamber  head  and  the  liner;* 

2)  a  special  belt  (or  several  belts)  which  are  located  directly 
In  the  chamber  liner.  In  the  form  of  an  annular  row  of  orifices  or 
an  annular  slot  (Fig.  9.20). 

Liner  protection  with  combustible  by  means  of  peripheral  head 
Injectors  Is  called  a  gas  curtain,  and  cooling  by  means  of  special 
^Problems  of  Rocket  fiiglneerlng.  No.  1,  1938>  XL. 
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chambez*- liner  belts  Is  called  a  film  curtain  (or  curtains). 

With  sufficient  protective- curtain  Intensity,  reliable. 
chamber  cooling  with  propellant  components  Is  always  possible.  How¬ 
ever,  the  use  of  protective  curtains  decreases  specific  engine  thrust. 

The  following  requlr«nents  (from  the  viewpoint  of  economy  and 
reliability  of  operation)  are  Inqposed  on  cheunber- liner  protective 
curtains  t 

1)  the  curtain  must  fit  the  Inner  surface  of  the  chamber  liner 
tightly  and  unlformlyj 

2)  losses  In  specific  engine  thrust,  which  are  caused  by  the 
use  of  protective  curtains,  must  be  kept  at  a  minimum j 

3)  the  curtain  must  satisfy  engine- operating  conditions,  l.e.. 

It  must  be  stable  and  must  not  be  sensitive  to  flight  loads  (Includ¬ 
ing  lateral  loads)  or  to  gas-stream  perturbations; 

4)  the  curtain  must  be  created  by  devices  that  are  sufficiently 
simple  from  the  design  viewpoint. 

A  gas  curtain  created  by  peripheral  chamber-head  Injectors 
satisfies  the  requirements  for  stability  and  nonsensltlvlty  to  flight 
loads  If  the  Injectors  used  for  this  purpose  are  not  excessively  small 
or  Inclined  to  clog.  Also,  this  method  Is  extremely  simple  from  the 
design  viewpoint.  Therefore,  with  a  short  combust Ion- chamber.  In 
engines  developing  low  or  medium  thrust  It  Is  practicable  to  set  up 
a  gas  curtain  from  the  flat  head  through  peripheral  combustible 
Injectors.  At  an  engine  thrust  of  1-2  tons,  the  combustible  used 
In  forming  the  gas  curtain,  by  means  of  peripheral  Injectors,  usually 
does  not  exceed  1^  of  the  fjiow  rate  to  the  combustion  chamber. 

In  engines  developing  great  thiaist,  or  If  a  small  amount  of 
conibustlble  Is  used  to  form  the  curtain,  the  latter  Is  efficient  at 
the  head  and  up  to  a  certcULn  distance  from  the  head;  here  the  gas- 
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core  temperature  is  relatively  low;  however,  the  curtain  Is  of  little 
use  In  the  nozzle-throat  section,  which  Is  farthest  from  the  head 
and  exhibits  the  greatest  heat-llberatlon  rate.  Such  a  curtain  Is 
flushed  away  by  the  turbulent  gas- core  stream  while  en  route  from 
the  head  to  the  nozzle  throat,  and  Is  consumed  to  a  considerable 
degree. 

In  order  to  ensure  the  least  effect  of  the  gas  curtain  on  the 
magnitude  of  specific  engine  thrust.  It  Is  necessary  to  feed  com¬ 
bustible  for  forming  the  curtain  In  such  a  way  as  to  ensure  that,  after 
combustible  vaporization,  the  wall-side  gas  layer  thus  formed  has 
minimum  thickness.  Is  pressed  against  the  liner  surface,  emd  Is  flushed 
as  little  as  possible  by  the  turbulent  gas- core  of  the  stream. 

Combustible  feed  for  the  curtain  by  means  of  head  Injectors, 
evidently,  does  not  satisfy  this  requirement . 

The  process  of  forming  a  wall- side  gas  curtain  In  this  case, 
and  the  mixing  of  the  curtain  with  the  turbulent  gas- stream  core.  Is 
schematically  presented  In  the  following  form. 

Some  of  the  basic  combustible  and  oxidizer  Impinges  on  the  com¬ 
bustion-chamber  surface  In  a  liquid  state,  or  enters  a  zone  close  to 
the  liner.  These  components.  Including  the  additional  combustible 
which  was  fed  to  the  chamber  for  forming  the  curtain,  are  partially 
mixed  when  they  meet  at  the  liner  surface  and  as  they  move  along  the 
liner  surface  In  the  form  of  a  liquid  film.  Vaporization  and  combustion 
of  this  mixture  Is  completed  at  some  distance  from  the  head,  and  a 
wall-side  gas  layer  Is  formed  from  the  mixture.  In  approximation,  one 
may  consider  the  composition  of  this  layer  Initially  constant  along 
the  normal  to  the  liner  and  the  composition  Is  determined  by  the 
mixture  ratio  of  the  fuel  reaching  the  liner  or  a  zone  close  to  the 
liner.  As  It  moves  along,  this  layer  mixes  with  the  gases  In  the 
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stream  core,  as  a  result  of  which  an  Intermediate  layer  with  a 
variable  congsosition  across  its  thickness  forms  between  the  core 
and  the  wall- side  layer. 

This  concept  is  schematic,  but  apparently  correctly  reflects 
the  real  processes  and  is  convenient  for  conqjutatlons.  In  the 
literature  it  is  indicated  that  as  the  products  of  combustion  move 
along  the  chamber  and  the  nozzle,  they  mix  relatively  slowly  in 
the  radial  directions  across  the  chamber  section.* 

The  layer  that  adjoins  the  liner  and  is  constant  in  composition 
across  its  thickness  is  denoted  as  the  wall- side  layer,  and  if,  as 
the  result  of  mixing,  its  composition  is  changed  in  comparison  to  the 
initial  composition,  or  if  the  layer  has  a  variable  composition,  we 
call  it  the  intermediate  layer,  even  if  it  extends  to  the  liner  it¬ 
self. 

Thus,  in  the  general  case,  the  stream  core  is  separated  from  the 
liner  by  an  intermediate  layer  with  variable  parameters  and  by  a  wall- 
side  layer  with  parameters  that  are  constant  across  its  thickness. 

For  engines  developing  great  thrust,  the  belt  method  of  film 
cooling  for  the  chamber  liner  is  more  economical,  but  from  the  design 
viewpoint,  relatively  complex;  this  system  is  made  in  the  form  of  one 
or  several  special  belts  of  slots  for  the  tangential  feeding  of  the 
combustible  into  the  combustion  chamber.  The  use  of  such  film  curtains 
is  especially  advisable  for  engines  with  prechaitiber  propellant-com¬ 
ponent  atomization  (for  chambers  with  a  spherical  head) . 

Computations  show  that  the  belt  method  of  protecting  the  chamber 
liner  against  overheating  is  quite  efficient  and  relatively  economical 
up  to  very  high  pressures  in  the  engine  combustion  chamber  (up  to 

•Problems  of  Rocket  Engineering,  No.  4,  1956,  IL. 
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Pj^  =  100  atm  abs) . 

.  It  is  advisable  to  use  the  combustible  for  the  purpose  of  forming 
the  film  curtain  at  the  end  of  the  combustion  chamber  (at  the  begin¬ 
ning  of  the  converging  section  of  the  nozzle)  to  protect  the  liner  In 
the  nozzle- throat  section. 

If  It  Is  necessary  to  reduce  the  heat  flows  from  the  gases  to 
the  liner  both  In  the  nozzle  and  In  the  combustion  chamber,  In  this 
case  the  first  belt  for  the  film  curtain  should  be  In  approximately 
the  same  combustion-chamber  sectloii  where  propellant-component 
vaporization  Is  completed.  If  chamber  design  permits.  It  Is  better 
to  feed  the  combustible  for  the  film  curtain  Into  several  separate 
belts.  The  range  of  effective  operation  for  each  curtain  Is  estab¬ 
lished  by  appropriate  computations.  The  Intervals  between  the  belts 
for  different  curtains  may  be  Increased  by  making  each  curtain 
thicker . 

In  designing  and  adjusting  the  systems  of  protective  curtains, 
we  must  strive  to  attain  a  uniform  combustible  feed  around  the  entire 
circumference  of  the  combustion  chamber  and  nozzle,  as  well  as  to 
meet  the  requirements  Imposed  on  the  curtain. 

Belt  curtlns  In  the  form  of  small  orifices  In  the  liner  are  of 
little  use  because  of  the  difficulty  of  feeding  combustible  for  form¬ 
ing  the  curtain,  without  the  combustible  Jet  gushing  Into  the  gas- 
stream  core;  the  orifices  may  also  clog  with  scale  and  sediments, 
especially  In  nltrlc-acld  engines. 

As  yet,  the  formation  of  curtains  with  belts  of  porous  mate¬ 
rial  has  been  little  studied,  and  Is  probably  efficient  only  for 
engines  developing  great  thrust. 

In  existing  engines,  the  expenditure  of  combustible  for  the 
formation  of  protective  curtains  amounts  to  1-205^  of  the  basic  flow 


-  642  - 


rate  to  the  combustion  chamber.  We  may  assvime  that  in  a  number  of 
existing  ZhRD  the  consumption  of  liquid  for  inner- liner  protection 
is  unjustifiably  great  because  of  the  inefficient  method  by  which 
the  liquid  is  fed  to  the  inner-liner  surface  and  is  several  times 
the  amount  of  the  consumption  of  liquid  that  was  calculated  on  the 
basis  of  the  power  potentials  of  the  liquid  in  this  case. 

If  correctly  established,  protective  curtains  may  be  suffi¬ 
ciently  economical  and  capable  of  reducing  specific  heat  flows  from 
the  gases  to  the  cnamber  liner  (up  to  70$^),  but  for  all  that,  they 
do  not  remove  the  requirement  for  external  regenerative  engine  cool¬ 
ing.  By  means  of  efficient  regenerative  cooling  and  Internal  pro¬ 
tective  combustible  curtains,  one  may  Increase  when  using  steel 
chamber  liners,  and  Increase  the  liner  service  life  sharply. 

Protective-curtain  design  is  usually  reduced  to  the  determina¬ 
tion  of  the  liquid-flow  rate  required  for  protecting  the  given  chamber- 
liner  section  and  the  additional  combustible-flow  rate  required  for 
forming  the  protective  curtains. 

A  precise  method  of  computing  the  quantity  of  liquid  required 
for  forming  the  protective  curtains  is,  as  yet,  lacking  in  the  litera¬ 
ture.  This  is  explained  by  the  fact  that  when  a  curtain  is  present, 
it  is  still  Impossible  to  determine  accurately  the  available  specific 

heat  flows  q.  from  the  gases  to  the  liner,  as  well  as  the  tem- 

1  rasp 

peratvire  of  the  wall- side  gas- layer. 

One  may  determine  O'gav  approximate  computations  in  accor¬ 
dance  with  the  parameters  computed  in  the  absence  of  a  protective 
curtain. 

One  may  consider,  in  approximate  terms,  that  if  a  protective 
curtain  is  formed,  the  excess  heat  flow  from  the  gases  to  the  chamber 
liner,  wnlch  the  coolant  cannot  remove  by  purely  regenerative  cooling, 
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is  equal  to 


k-  J 

or 

Qiit6“0p,cn— Om.*  kcal/  hr; 

this  excess  heat  flow  is  used  to  heat  emd  vaporize  the  curtain,  and 
also  to  superheat  the  vapor  formed  here,  to  the  local  temperature 
of  the  products  of  fuel  combustion. 

Uhder  this  condition,  the  quantity  of  liquid  required  for 
forming  the  curtain  is  determined  from  the  equation  of  heat  balance: 

+  — Iccal/  Bec<n» 

1 .  e . ,  " 


+  ^noi  +  C’p(<r  — l|o«) 


(9.59) 


where  C  and  Cp  are  the  mean  heat  capacities  of  the  liquid  and  of  the 
gas  formed  from  the  liquid,  respectively,  in  kcal/kg  ®C;  tp^^  and 
tfcip  are  the  temperature  of  the  liquid  as  it  is  fed  for  the  purpose 
of  forming  the  curtain,  and  its  boiling  point  at  the  local  pressure 
in  the  chamber,  respectively,  in  °Cj  t  is  the  local  gas  temperature 

o 

in  the  chamber,  at  the  point  where  the  curtain  is  formed;  and  r^^^p 
is  the  heat  of  liquid  vaporization,  at  the  local  gas  pressure  in  the 


chamber,  in  kcal/kg. 


We  must  bear  in  mind  that  even  if  coolant  feed  for  film-curtain 


formation  is  uniform  £uid  the  chamber-liner  flfiune  tube  has  a  uniform 


degree  of  finish,  the  length  of  the  liquid  film  along  the  liner  genera¬ 
trix  is  not  uniform  or  constant,  and  this  is  explained  by  the  non- 


m36*  “  ^zbytok  “  ^excess 

noa“  ^pod  “  Apodacha  "  ^feed*  ^Mcn  ”  ^Isp  *  ^Isparenlye 
^vaporization.] 
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uniformity  of  the  cycle  In  the  combustion-chamber  volume  and  the 
unavoidable  nonuniformity  of  local  film  heating  resulting  from  the 
nature  of  chamber-head  operation.  Therefore,  when  protecting  an 
engine- chamber  liner  by  liquid  films  alone  (without  using  regenera¬ 
tive  cooling),  the  distance  between  the  slots  In  the  chamber  flame 
tube  must  be  less  than  the  distance  at  which  the  liquid  film  Is 
entirely  vaporized. 

Besides  this,  there  Is  no  proportional  Interdependence  between 
mean  film  length  ipi*  the  liquid-flow  rate  needed  for 

forming  the  film  (for  a  given  Increase  In  lpi»  a  more  than  propor¬ 
tional  Increase  of  Gr'2av  required),  because  the  liquid  Is  partially 
carried  away  Into  the  flow  of  products  of  fuel  combustion  In  view 
of  the  turbulence  of  these  products,  the  presence  of  Intensive 
oscillating  waves  on  the  sxarface  of  the  film,  and  the  difference 
In  velocities  between  the  liquid  film  and  the  products  of  fuel  com¬ 
bustion. 

These  factors  lead  not  only  to  partial  detachment  of  the  liquid 
film  from  the  chamber-liner  surface,  but  also  cause  Intensive  film 
vaporization. 

In  this  connection,  the  actual  flow  rate  of  liquid  for  the 

formation  of  the  chamber- liner  film  curtain  must  be  greater  than 

the  theoretical  flow  rate  O'  „  that  was  computed  In  accordance  with 

zav 

Formula  (9.59) »  l.e., 

!<«/  sec,  (9.60) 

*•» 

where  e  is  the  coefficient  by  means  of  which  we  consider  the 
efficiency  of  the  liquid  film;  It  Is  determined  experimentally  and 
Is  a  function  of  curtain- ring  design  (the  nature  of  the  method  used 

“  -^1  “  iplenka  ”  if  11m*  ^ 
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to  supply  liquid  for  forming  the  film),  the  initial  layer  thickness, 
the  properties  of  the  liquid,  the  design  of  the  injector  head  and 
the  nature  of  its  operation,  the  combustion- chamber  shape,  the  degree 
of  finish  of  the  liner  flame  tube,  and  of  other  factors.  The  value 
of  e^av  vary  within  wide  limits  (from  0.80  to  0.95). 

For  a  fine  sind  reliable  film  curtain,  the  liquid  must  be  fed 
through  the  slots,  and  at  a  definite  velocity;  otherwise,  the  curtain 
will  be  of  little  use  since  it  will  be  flushed  away  by  the  gas 
stream,  detached  from  the  liner  surface,  and  intensively  vaporized. 

If  a  liquid  velocity  w^^^  for  forming  a  film  curtain  through  a 
slot  has  been  selected,  the  required  slot  clearance 
determined  from  the  equation  of  mass  balance 


l.e.. 


8.=  — 


*rfr«^Tr 


(9.61) 


where  d  is  the  chamber- liner  diameter  along  the  slot  generatrix;  and 

O 

y  is  the  specific  weight  of  the  canbustlble  at  the  temperature  at 
which  it  is  fed  into  the  chamber. 

When  film  curtains  are  used  to  protect  the  liner,  specific 
chaniber  thrust  and  thrust  losses  In  this  case  are  determined  In 
accordance  with  the  following  formulas: 


(9.62) 


100 (9.63) 

and  where  P  Is  the  absolute  engine- chamber  thrust;  0^  Is  the  per- 
second  propellant-flow  rate  to  the  engine  chamber;  Is  the  effective 

“  *shch  “  ^shchel'  “  ^slot*^ 


-  646  - 


specific  engine-chamber  thrust  at  zero  combustible-flow  rate  for 
forming  a  curtalnj  and  is  effective  specific  engine- chaWfter 

thrust  when  there  is  a  combustible-flow  rate  for  the  purpose  of 
forming  a  curtain. 

The  approximate  method  given  above  for  designing  an  engine- chamber 
regenerative  cooling  system,  with  liquid  curtains,  is  performed  in 
the  following  sequence: 

1)  we  compute  the  available  specific  heat  flows  q^  rasp 
out  the  engine  chamber,  when  there  is  no  protective  curtain; 

2)  we  determine  the  excess  heat  flow  Qj^^b  cauinot  be  re¬ 

moved  from  the  entire  liner,  or  from  separate  parts  of  the  liner 
where  there  is  a  greater  heat- release  rate,  by  purely  regenerative 
cooling;  we  then  compute  the  quantity  of  liquid  required  for 

forming  the  curtain,  for  efficient  operation  in  the  selected  section; 

3)  we  refine  the  design  of  the  regenerative  cooling  system  for 

the  engine  combustion  chamber  and  nozzle,  making  allowance  for  the 
curtains .  . 

SECTION  12.  THE  SEQUENCE  OF  DESIONINQ  A  ZhR^CHAMBER  COOLING  SYSTEM 

The  designing  of  Zhl^chamber  cooling  systems  consists  basically 
of  determining  the  nozzle  and  combustion-chamber  Inner-liner  surface 
teii^)eratures,  the  coolant  temperature,  the  geometrical  dimensions  of 
the  coolant  passage,  and  the  hydraulic  losses  In  the  passage. 

Draft  and  control  methods  for  designing  engine- chamber  cooling 
systems  exist. 

In  the  draft  design,  we  determine  feasible  structural  shape 
and  optimum  dimensions  for  the  coolant  passage  throughout  the  length 
of  the  chamber,  which  will  provide  for  reliable  chamber  cooling. 

The  control  calculations  give  relatively  less  accurate  results. 
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but  they  are  not  'as  laborious  as  the  draft  method . 

In  the  control  calculations,  we  tentatively  select  the  design 
and  dimensions  for  the  flow  section  of  the  coolant  passage  through 
the  chamber,  on  the  basis  of  which  we  determine  coolant  velocity  in 
the  passage  and  the  other  characteristics,  which  permit  us  to  evaluate 
the  reliability  and  operating  economy  of  the  chamber  under  given 
operating  conditions. 

The  initial  data  required  for  designing  a  ZhRD-chamber  cooling 
system  usually  consists  of: 

1)  combustion- chamber  and  nozzle  configuration  and  the  dimen¬ 
sions  required  (the  chamber  drawing); 

2)  inner- liner  thickness  throughout  the  chamber,  and  liner 
material,  with  the  required  physical  characteristics  (thermal- con¬ 
ductivity  coefficient,  vintlmate  strength,  temperature- expansion  coef¬ 
ficient,  etc.); 

3)  per-second  gas-flow  rate  in  the  engine  and  gas  parameters 
throughout  chamber  (pressure,  temperature,  specific  weight,  velocity, 
etc.).  Chamber  coolant-passage  flow  section  and  coolant  velocity 
therein  may  be  tentatively  assumed  or  determined  from  computations; 

4)  per-second  propellant- component  flow  rate  and  propellant 
physical  properties  (heat  capacity,  thermal  conductivity,  viscosity 
coefficient,  corrosiveness  in  relationship  to  the  structural  mate¬ 
rials,  etc.); 

5)  chamber  InJector-head  design  (head  drawing),  with  injector 
characteristics  (type,  capacity,  arrangement  on  the  head,  etc.). 

The  designing  of  a  ZhRD-chamber  cooling  system  is  usually  per¬ 
formed  in  approximately  the  following  sequence. 

1.  Proceeding  from  the  considerations  of  engine  strength  and 
the  established  service  life,  we  tentatively  assvtme  the  desired  tem- 
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perature  distribution  for  the  gas-side  liner  surface  throughout  the 
length  of  the  chsunber.  In  the  following  computations,  this  tempera¬ 
ture  distribution  is  refined. 

2.  We  divide  the  engine-chamber  nozzle  longitudinally  into 
several  ( 10-15)  sections  in  each  of  which  the  specific  heat  flow 

may  be  assumed  as  constant  and  equal  to  the  mean  value  of  the  specific 
heat  flows  at  the  boundaries  of  the  chamber  section  under  considera¬ 
tion.  Close  to  the  nozzle  throat,  where  specific  heat  flow  changes 
most  rapidly,  the  sections  must  be  of  relatively  shorter  length;  one 
of  the  chamber  sections  must  pass  through  the  nozzle  throat. 

3.  We  assume  a  number  of  values  for  the  proposed  gas- pressure 
distribution  throughout  the  chamber  and  determine  the  other  basic 
parameters  (temperature,  specific  weight,  and  velocity),  wnlch  cor¬ 
respond  to  these  values  of  gas  pressure,  in  accordance  with  the 
formulas  in  Section  6,  Chapter  III.  In  accordance  with  these  param¬ 
eters,  we  simultaneously  compute  the  corresponding  chamber  gas- 
channel  cross-section  areas.  The  parameters  and  areas  that  are  found 
are  then  presented  in  the  form  of  curves,  as  functions  of  chamber 
length. 

4.  We  determine  convection,  radiation,  and  total  specific  heat 
flows  from  the  gases  to  the  liner,  in  the  selected  chamber  sections, 
in  accordance  with  the  corresponding  formulas. 

In  accordance  with  the  results  of  tnese  computations,  we  de¬ 
rive  the  curves  for  the  changes  in  Qj^,  qi^,  and  g  throughout  the  engine 
chamber. 

We  may  assume  that  £  is  constant  throughout  the  combustion  cham¬ 
ber  and  equal  to  the  value  of  g  at  the  beginning  of  the  convergent 
peu:>t  of  the  nozzle.  If  appropriate  experimental  data  are  available, 
the  values  of  q[  may  be  accepted  as  variable  throughout  chamber  length. 
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In  practice,  we  sometimes  use  the  method  of  recalculating 
specific  heat  flows,  which  were  found  by  experimental  methods  in  an 
existing  engine  chamber,  for  the  engine  chamber  that  is  being  designed. 
For  such  a  recalculation,  it  is  desirable  to  use  experimental  data 
for  a  chamber  which  operates  on  the  same  fuel  as  the  chamber  that  is 
being  designed,  and  has  gas  parameters  in  the  combustion  chamber  that 
are  close  to  the  parameters  for  the  chamber  that  is  being  designed 

This  recalculation  may  be  sufficiently  rigorous  only  for  the 
the  chamber  nozzle,  where  convection  heat  transfer  between  the  gases 
and  the  engine- chamber  liner  plays  an  Important  part . 

5.  We  determine,  in  succession,  the  areas  of  the  gas-side 
liner  surfaces  for  each  selected  chamber  section,  and  multiplying 
them  by  the  appropriate  mean  values  of  specific  heat  flows  (which 
were  computed  earlier)  we  find  the  quantity  of  heat  which  mustibe 
taken  up  by  the  coolant  in  each  separate  chamber  section,  l.e.,  we 
compute  =  ^1^1*  After  this,  we  determine  coolant  preheating  At^^ 
in  the  passage  for  each  section  and  coolant  preheating  At^^  for  the 
entire  chamber. 

Coolant  temperature  at  the  outlet  from  the  chamber  passage  must 
not  exceed  the  coolant  boiling  point  or  coolant  decomposition  (coking) 
temperature  at  the  local  pressure  in  the  pagsage. 

This  condition  must  be  observed  particularly  when  the  chamber 
is  operating  in  a  minimum  regime,  when  coolant  preheating  is  greater 
than  In  other,  higher  operating  regimes. 

If,  from  the  condition  for  total  coolant  preheating,  regenera¬ 
tive  engine-chamber  cooling  appeared  adequate,  the  following  stage 
of  design  is  the  determination  of  liquid-side  liner-surface  ten5)era- 
ture  throughout  the  nozzle  and  combustion  chamber. 

6.  We  tentatively  assume  the  Interllner  clearance  along  chamber 
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length,  and  conqpute  clearance  area  and  coolant  velocity  within 
the  clearance  (passage)  for  several  (5-6)  of  the  most  character¬ 
istic  passage  sections. 

It  Is  desirable  to  make  the  Interllner  clearance  uniform  through¬ 
out  the  entire  length  of  the  chamber;  however.  If  necessary,  it.iimay 
be  variable  In  separate  chamber  sections,  or  throughout  Its  entire 
length . 

7.  We  determine  liquid-side  liner- surface  temperature  In  the 

selected  characteristic  chamber  sections.  This  temperature  must  be 

greater  than  coolant  temperature  throughout  the  entire  length  of  the 

chamber.  It  Is  desirable  that  the  value  of  t^  around  the  nozzle 

p  .zh 

throat  be  close  to  coolant  boiling  point  or  decomposition  tempera¬ 
ture  at  the  given  pressure  In  the  passage,  or  even  somewhat  higher 
than  this  limit  (by  20-50°C),  so  that  the  heat-transfer  coefficient 
®zh  Increased  and,  by  this  means,  the  required  coolant  velocity 

In  the  passage  be  reduced,  and  consequently  pressure  losses  In  the 
passage  may  be  reduced. 

Repeated  computations  are  usually  required  In  order  to  obtain  the 

desired  value  of  this  temperature  throughout  chamber  length.  Here, 

we  change  slightly  the  values  of  temperature  t  that  were  assumed 

P  •  O 

for  computation.  If  the  computed  temperature  tp  ^  differs  from  the 
value  that  was  assvuned  earlier  for  computation  by  moi-e  than  5jt,  we 
must  repeat  the  computations,  having  assumed  a  new  intermediate  value 
for  this  temperature  (between  the  Initially  selected  value  and  the 
value  obtained  as  the  result  of  the  computations) . 

After  this.  It  Is  necessary  to  provide  the  most  feasible  change 
In  the  Interllner  clearance,  throughout  the  length  of  the  chamber, 
from  the  viewpoint  of  structural  and  production  considerations.  Then, 
we  may  again  determine  the  coolant  velocity  In  the  passage,  the  heat- 
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transfer  coefficient' finally,  we  find  the  values  of  tp 

and  t^ 

P-g 

8.  Finally,  we  deteinnlne  coolant-pressure  losses  in  the  separate 
sections  of  the  passage  and  throughout  the  entire  chamber  length, 
which  are  required  for  designing  the  engine  fuel-feed  system,  using 
the  corresponding  formulas  (see  Section  13>  Chapter  X)  for  this 
purpose; 

.  ^  A  and  A/>,„  -  2 

where  §  is  the  loss  coefficient,  computed  in  accordance  with  formulas 

5=7^-  atRe-3.10»-t-10»; 

/Re 

5=0.0032 + at  Re- 10«  H- 10». 

If  ZhRD  thrust  is  regulated,  we  must  design  the  chamber-cooling 
system  for  two  operating  regimes  -  maximum  and  minimum.  In  a  maximum 
engine-operating  regime,  heat-flows  from  the  gases  to  the  chamber 
liner  are  greater,  as  a  result  of  which  gas- side  liner- surface  tenw 
perature  may  exceed  its  permissible  limits.  When  the  engine  shifts 
into  a  minimum  operating  regime,  coolant-flow  rate  (propellant-flow 
rate  to  the  combustion  chamber)  is  reduced  almost  proportionally  to 
gas  pressure  in  the  combustion  cheuriber,  and  heat  flows  decrease  approxi¬ 
mately  proportionally  to  a  power  of  0.8  in  relationship  to  gas  pres¬ 
sure.  Higher  coolant  preheating  is  obtained  when  the  engine  operates 
in  a  minimum  regime  than  when  it  operates  in  a  maximum  regime,  which 
also  may  cause  excessive  inner  cheunber- liner  heating. 

If,  through  confutations,  we  establish  the  fact  that  gas-side 
liner-surface  temperature,  coolant  heating  in  the  passage,  or  liquid- 
side  chamber-liner  surfi  -  temperature  is  higher  than  the  safely 
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permissible  limit,  we  may,  in  addition  to  regenerative  cooling,  pro¬ 
tect  the  inner  chamber  liner  against  overheating  by  means  of  one  or 
several  curtains  of  combustible.  This  is  usually  associated  with  some 
change  in  engine- chamber  design  in  relationship  to  the  initially 
selected  version. 

An  example  of  the  designing  of  a  ZhRD- chamber  regenerative  cool¬ 
ing  system,  performed  in  approximation,  is  shown  in  the  work  of  Q. 

D.  Slnyarev  and  M.V.  Dobr ovol • skly . * 

SECTION  13.  DETERMININa  TEMPERATURE  STRESSES  IN  A  Zh^CHAMBER  LINER 

Ten?)erature  stresses  in  an  engine- chamber  flame  tube  are,  to  a 
considerable  degree,  a  function  of  liner  design  and  of  the  thermal 
conductivity  of  the  material. 

Thermal  conductivity  is  one  of  the  most  important  characteristics 
of  the  thermal  properties  of  a  metal;  the  other  important  thermal 
properties  are  strength  and  rigidity  at  high  temperatures.  Therefore, 
when  selecting  a  material  for  the  inner  chamber  liner,  and  designing 
the  Chamber- cooling  system,  we  must  pay  special  attention  to  the 
thermal-conductivity  coefficient  for  this  material,  as  well  as  to 
this  coefficient  as  a  function  of  temperature. 

For  industrial  metals  at  ordinary  temperatures,  X  »  10  to 
340  kcal/m  hr  °C.  The  most  efficient  heat-conducting  metal  is  red 
copper  (X=  300-340),  and  then,  in  descending  order:  aluminum  (18O- 
200),  brass  (8O-IOO),  carbon  steels  (40-80),  bronze  (30-40),  and 
alloy  steels  (10-20). 

As  the  carbon  content  in  steel  is  increased,  X  is  reduced.  Ad¬ 
ditions  to  steel,  for  the  purpose  of  increasing  its  resistance  to 

heat  and  its  capability  to  maintain  its  strength  at  high  tempera- 

»0.B.  Slnyarev  and  M.V.  Dobrovol ' skly .  Zhldkostnyye  Raketnyye  Dvlgatell 
[Liquid-propellant  Rocket  Engines],  Oboronglz  [State  Publishing  House 
for  Defense  Industry],  1957. 
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tures,  decreases  X  . 

The  thermal- conductivity  coefficient  is,  essentially,  a  function 
of  metal  composition  and  temperature.  As  temperature  increases,  the 
value  of  X ,  for  carbon  steels  and  copper,  is  reduced,  and  for  alloy 
steels,  aluminum,  and  aluminum  alloys,  ^  is  Increased  (see  Pigs.  9.16 
and  9.17) . 

The  value  of  X  as  a  function  of  temperature  is  determined  ex¬ 
perimentally  for  different  metals.  Tf  accurate  experimental  data  are 
lacking,  the  thermal- conductivity  coefficient  for  tempered  carbon 
steels  within  temperature  limits  of  0  to  500°C,  may  be  determined, 
in  approximation,  in  accordance  with  the  following  empirical  formula* 

2+^2]* kcaJL/^il  hr^  (9.64) 

where  a  =  66-5.74 -10" ^t;  b  =  29.4-8.5-10"^t  +  0.7‘10‘\^;  c  = 

=  8.0-3.4*10“^t  +  0.36*10“’^^;  t  is  the  temperature  at  which  the 
thermal-conductivity  coefficient  is  determined;  and  2**  Si  +  Mn  + 

+  P  +  S  is  the  total  quantity  of  admixtures,  of  corresponding  ele¬ 
ments,  to  the  iron,  in  weight  percentages. 

This  formula  is  suitable  for  determining  the  value  of  X  for 
steels  containing  admixtures  to  the  amount  of  S  =  0. 1-2.0^  (Table 
9.5);  the  formula  is  accurate  to  + 

The  thermal- conductivity  coefficient  for  chrome-nickel  austenitic 
steels,  within  temperature  limits  of  100  to  900°C,  may  be  determined, 
in  approximation,  in  accordance  with  the  formula** 

).»13.3-a+(l,l  +fr)  i0-»  keal/ftfcto^tl  (9.65) 

where  a  =  10(a-0.5);  b  =  1.15(0-0.5);  ^  is  the  temperatvire  at  which 

the  thermal-conductivity  coefficient  is  determined; 

* "Teploenerget Ika"  [Heat  and  Power  Engineering],  VTI  [All-Union  Heat 
-Engineering  Institute  of  the]  USSR,  1955 »  No.  9. 

**op  clt . 
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c  ,  SI  ■  Mn  ,  Cr  Nl  ,  W  ,  Nb  ,  Mo  ,  ,  „ 

B +¥+»  +  M  + M +lii+»  +  96+  • 

Is  the  characteristics  .of  the  steel  composition,  representing  the 

total  amount  of  grams  of  the  elements,  with  the  exception  of  Iron, 

contained  In  100  g  of  steel. 

TABLE  9.5 

Values  of  X.  for  Carbon  Steels  when  Z-  0, 1-2.0^  for  Temperature 
Intervals  of  0-500°C 

_  ^ 

\  0.1  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0 


Ko3<tii|)MKHeHT  leiiJionpoBOAHOCTH  X  B  KKaAfM  Hae  *^0 


0 

63.1 

60,4 

55.5 

51,2 

47.6 

44.6 

42,2 

40,5 

39,5 

39,1 

50 

60,6 

58,3 

54.0 

50,3 

47.0 

44.3 

42.1 

40,3 

39.0 

38,4 

100 

58,1 

56,1 

52,3 

49.0 

46.1 

43,6 

41.5 

39,8 

38.4 

37,6 

200 

52,9 

51.5 

48,7 

46,2 

43.9 

41.8 

39.9 

38,2 

36,8 

35.4 

300 

47,8 

46,8 

44.9 

43,1 

41.2 

39,6 

38.0 

36,5 

35,3 

33,7 

400 

42,3 

41.7 

40,4 

39.1 

37.8 

36.6 

35.4 

34.2 

32,9 

31,8 

500 

36,V 

36,4 

35,5 

34.7 

33.8 

32,9 

32.0 

31,1 

30,2 

29,5 

1)  Thermal- conductivity  coefficient  X,  In  kcal/m  hr  °C. 


Here  C,  SI,  Mn,  etc.,  are  the  elements  In  the  steel  (In  per¬ 
centages  by  weight);  the  denominators  in  the  formula  are  the  atomic 
weights  of  these  elements. 

This  formula  Is  acceptable  for  determining  the  X  of  steels  con¬ 
taining  a  =  0.5-0. 8. 

Low-alloy  steels  have  a  a  =  0.048-0.99;  In  stainless  chrome 
steels,  a  =  0.273-0.63;  and  in  chrome-nickel  austenitic  steels,  a  = 

=  0.5-0. 9. 

Table  9.6  shows  the  values  of  X  for  chrome-nickel  steels,  com¬ 
puted  In  accordance  with  Formula  (9.65)  (for  these  steels,  the 
accuracy  of  the  formula  Is  ±  4$^) ;  for  chrome-mangemese  austenitic 
steels,  the  value  of  ^  Is  approximately  10$^  lower  than  the  tabular 
data. 

Table  9.7  shows  the  approximate  values  of  thermal  conductivity  x » 
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heat  capacity  C,  and  thermal-dlffusivlty  coefficient  a  (cra^/sec)  for 
several  heat-resistant  materials,  and  Pigs.  9.21  and  9.22  give  ulti¬ 
mate  strength  and  linear-expansion  coefflcl..ntt  a  ,  respectively, 
as  functions  of  temperature. 

TABLE  9.6 

Values  of  X  for  Chrome-Nickel  Steels  for  a  Temperature  Interval 
of  100-900OC. 


100 

200 

300 

.  400 

500 

M 

700 

800 

900 

X)  Koi^iiUHeHT  Ten.nonpoBOJiHOCTti  >:  b  kkoa/m  nac  °C 

0.5 

14.3 

15,4 

16,5 

17,7 

18,8 

19,9 

21 ,0 

22.1 

23,2 

0,55 

14.0 

15.1 

16.3 

17.4 

18,6 

19,7 

20,9 

22,1 

23,2 

0.50 

13,5 

14.7 

16.0 

17.2 

18.4 

19,6 

20,8 

22.0 

23,2 

0.65 

13,0 

14.2 

15.6 

16,8 

18,2 

19.4 

20,7 

21,9 

23,2 

0,70 

12.6 

14.6 

15.3 

16,6 

18,0 

19.3 

20.6 

21,9 

23,2 

0.75 

12.2 

13.6 

15.0 

16,4 

17,7 

19,1 

20,5 

21,9 

23,2 

0.80 

11.8 

13,2 

14.6 

16,1 

17,5 

19.0 

20.4 

21,9 

23,2 

l)  Thermal- conductivity  coefficient X  ,  In  kcal/m  hr  °C. 

The  greater  the  value  of  X ,  the  less  the  temperature  difference 
in  the  chamber  liner,  which  Is  expressed  by  the  formula 

and  the  more  favorable  liner  operating  conditions  will  be  from  the 
viewpoint  of  liner  temperature  stresses . 

Prom  the  equation  given  above  we  obtain  the  ratio 

■f— "Y  (9.66) 

which  Is  called  the  liner  temperature  gradient . 

Here,  X  represents  the  mean  temperature-conductivity  coefficient 
for  the  metal,  determined  at  the  mean  tenqperature 

t  ^ 

2 

The  enormous  heat-flows  originating  In  the  liner  lead  to  great 
tenqperature  gradients  across  liner  thickness,  which,  for  a  steel  liner. 
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amount  to  several  hundred  degrees  (Plg.  9.23). 


Pig.  9.21.  Ultimate  strength  as  a  function  of 

temperature,  l)  Tungsten;  2)  molybdenum;  3)  aluminous  [sic] 
oxide;  A)  kaAnm^. 

In  steel  chambers  for  conteirporary  engines,  q/X  «  100-300°/mm. 
These  figures  show  that  as  an  engine  operates,  extremely  large  thermal 
stresses  originate  In  the  chamber  liner,  and  this  reduces  liner 
strength.  The  hotter  liner  layers,  attempting  to  expand,  stretch  the 
outer  liner  layers,  and  the  latter,  resisting  the  stretching,  compress 
the  Inner  liner  layers  (the  hotter  liner  layers  are  compressed  and 
the  cooler  liner  layers  are  stretched) .  Por  this  reason,  temperature 
stresses  have  maximum  values  at  the  gas- side  and  liquid- side  liner 
surfaces,  emd  In  the  center  of  the  liner  they  are  close  to  zero.  Since 
the  gas-side  surface  temperature  Is  higher  than  the  llquld-slde  sur¬ 
face  temperature,  the  greatest  ten^jeratvire  stresses  occur  at  the  gas- 
side  surface. 

If  temperature  stresses  exceed  the  yield  point  for  the  liner 
material,  they  may  cause  marked  plastic  deformation  of  the  metal, 
which,  under  certain  conditions  will  lead  to  permature  liner  destruc¬ 
tion  under  the  action  of  static  load. 
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The  greater  the  llner-materlal  thermal- conductivity  coefficient, 
the  smaller  the  temperature  stresses,  other  things  being  equal  [see 
Formula  (9.66)].  Therefore,  it  is  advisable  to  select  the  material 
with  the  highest  possible  thermal-conductivity  coefficient  for  the 
chamber  liner.  The  greater  the  value  of  X  ,  the  more  favorable  the  liner 
operating  conditions  (other  things  being  equal).  This  also  explains 
the  fact  that,  in  some  cases,  ZhRD  designers  try  to  make  the  inner 
chamber  liner  of  copper. 

TABLE  9.7 

Approximate  Values  of  Thermal-Conductivity  Coefficient  X  ,  Heat 
Capacity  C  and  Thermal-Diffusivity  Coefficient  a  as  Functions 
of  Temperature 


[)Bo4b^M  cne^CHHuR 
(nopHCTuft) 

cne*tettiiuft 

8)  OK 

HCb  aJUOMMHHX 

nopHCTan) 

a\  Kip6HA  XpeUHHK 
(nOpHCTUtt) 

1  Vrf 

X 

C 

4 

X 

C 

a 

X 

c 

a 

X 

c 

a 

20 

0,38 

0,026 

0,76 

0.33 

0,060 

0,53 

0,14 

100 

— 

— 

— 

0.32 

0.065 

0,50 

0,003 

0,20 

0,047 

0,0505 

0,233 

0,079 

200 

0,35 

0,026 

0,60 

0,30 

0,C63 

0.46 

0.025 

0,20 

0,0357 

— 

— 

— 

300 

-- 

— 

— 

0.20 

0,0645 

0.43 

0.021 

0,23 

0,026 

o.osco 

0,277 

0,C564 

400 

0,31 

0,027 

0,80 

0,28 

0.066 

0.41 

0,019 

0,23 

0,0236 

0,046 

0,282 

0,050 

SOO 

■*“ 

0.27 

0.C675 

0,38 

0,016 

0,247 

0,0185 

0,0425 

0,275 

0,0480 

600 

0,28 

0,027 

0,53 

0.26 

0,069 

0.36 

0,015 

0.247 

0,0174 

•• 

700 

— 

- 

— 

0.2SS 

0,070 

0.35 

0,0143 

0,256 

0,016 

— 

— 

— 

800 

0,26 

0,028 

0,40 

0,248 

0,0715 

0.33 

0,014 

0,256 

0.0155 

0,0365 

0,225 

0.050 

900 

— 

— 

0,240 

0,073 

0,32 

0,013 

0,263 

0,014 

— 

0,129 

— 

1000 

0,25 

0,028 

0.47 

0,235 

0,075 

0,30 

0,0128 

0,263 

0,0138 

— 

— 

1100 

0,23 

0,077 

0,29 

0,0123 

0.200 

0,013 

•mm 

1200 

0,24 

0,029 

0.43 

0.228 

0,078 

0,28 

0.012 

0,260 

0,0127 

— 

— 

1300 

— 

— 

0.22 

0,080 

0,20 

0,012 

0.275 

0,0128 

— 

— 

— 

1)  Sintered  tungsten  (porous);  2)  sintered  molybdenum;  3)  aluminum 
oxide  (porous);  4)  silicon  ceu?blde  (porous). 


Among  copper  alloys  for  engine- chamber  liners,  the  special 
bronzes  (cadmium  and  chromium),  which  exhibit  high  strength  and 
electrical  conductivity,  deserve  attention;  their  thermal- conductivity 
coefficients  have,  as  yet,  been  little  studied. 


Teirqperature  stresses  In  a  cylindrical  liner,  which  do  not  exceed 
the  limit  of  proportionality  for  the  material,  may  be  determined  in 
accordance  with  the  formula  for  the  theory  of  elasticity; 

where  Z^gev  tJ^®  t«nperature  stresses  in  the  liner,  in  the 

axial  direction  (it  is  assumed  that  the  chamber-liner  section  under 


Pig.  9.22.  Linear- ejipansion  coefficient  o  as  a  func¬ 
tion  of  temperature.  1) o -graphite;  2)  graphite; 

3)  aluminum  oxide;  4)  molybdenum;  5)  tungsten; 

6)  silicon  carbide. 

investigation  is  a  tube  of  sufficient  length  to  permit  us  to  neglect 
the  effect  of  the  free  ends);  E  is  the  modulus  of  elasticity  for  the 

O 

liner  material,  in  kg/mm  ,  taken  from  the  table;  a  is  the  llnear- 
expemslon  coefficient  for  this  material;  n  it,  the  Poisson  coefficient; 
and  At  is  the  temperature  difference  across  the  liner  thickness. 

This  formula  may  be  used  only  in  tnose  cases  in  which  the  con¬ 
dition  <Tg  is  not  violated  (where  a  g  is  the  yield  point  for  the 

liner  material,  also  a  function  of  temperature).  Vfhen  Z^g^^  >  a the 
formula  mentioned  above  is  not  suitable  for  con?)utlng  temperature 
stresses  in  a  chamber  liner. 

*^^oceB  ~  ^osev  "  ^osevoye  ”  ^axlal ’ ^ 


The  change  In  the  yield  point  for  the  material  of  the  liner  sec¬ 
tion  being  studied,  as  a  fimction  of  temperature,  may,  with  sufficient 
accuracy  for  practical  purposes^  be  considered  as  linear,.. l^e,. 


Pig.  9.23.  Approximate  tempera¬ 
ture  difference  across  1  mm  of 
chamber- liner  thickness  (liners 
made  of  different  materials)  as 
a  function  of  specific  heat 
flow.  1)  Temperature  difference 
across  1  mm  of  liner  thickness, 
in  OC;  2)  alloy  steels,  when 
\  -  12;  3)  alloy  steels,  when 
X  =  20;  4^  carbon  steel,  when 
X  =  40;  5)  aluminum,  when  X  = 

=  175;  6)  copper,  when  X  =  340; 
7)  specific  heat  flow  q, 
kcal/m^  hr. 


where  o is  the  extrapolated  yield 
point  for  the  liner  material  at 
liquid-side  surface  temperature;  and 
kg  is  the  coefficient  of  proportion¬ 
ality  for  this  material. 

Since  the  yield  point  ffg  is 
lower  at  the  gas-side  liner  surface 
than  at  the  liquid-side  liner  surface, 
the  first  plastic  deformation  may 
originate  at  the  gas- side  surface. 

The  magnitude  of  the  heat  flow, 
at  which  plastic  deformation  appears 
in  the  chamber  liner,  is  determined 
from  the  equation 


'  2(1 


l.e.. 


yr-r kcal/si^  hr.  (9.69) 

If  the  qu£mtlty  ^  is  greater  than  that  computed  in  accordance 
with  this  formula,  a  plastic  compression  zone  is  formed  in  the  liner, 
on  the  gas-side  surface.  As  the  value  of  £  Increases  still  further, 
a  plastic  deformation  zone  is  also  formed  at  the  liquid-side  liner 
surface,  which  will  be  a  zone  of  elongation.  Only  a  narrow  strip  in 
the  central  part  of  the  liner  thickness  will  remain  elastic. 
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SECTION  14.  SELECTING  MATERIAL  FOR  ENGINE- CHAMBER  INNER  LINER  AND 
DETERMINING  LINER  THICKNESS 

If  the  thickness  for  the  inner  engine  combustion- chamber  and  the 
nozzle  liner  Is  not  given.  It  may  be  determined  by  computation.  In 
the  liner,  under  the  action  of  the  pressure  difference  Ap  between  the 
coolant  In  the  Jacket  and  the  gas  Inside  the  conditional  cylindrical 
coinbust Ion- chamber  or  nozzle  section  under  Investigation,  the  follow¬ 
ing  stress  arises: 

kg/aim^  (9.70) 

where  5  is  the  liner  thickness  for  the  section  being  studied.  In  mm; 
and  r  Is  the  mean  diameter  (radius)  of  this  liner,  in  mm. 

The  force  operating  on  1  mm  of  liner- surface  for  the  section 
being  studied,  according  to  the  previous  equation,  may  be  expressed 
by  the  formula 

Pa>aSz=Apr 

If  we  denote  liner  thickness  by  dx,  we  obtain 


p 

The  ultimate  strength  a In  kg/mm  ,  can  also  serve  as  a  llner- 
materlal  characteristic. 

Since  the  strength  of  the  material  Is  not  constant  across  liner 
thickness  because  of  temperature  stresses,  calculations  of  liner 
strength  must  be  performed,  not  In  accordance  with  permissible  stresses, 
but  in  accordance  with  permissible  loads. 

The  maximum  permissible  load  on  a  liner,  per  mm  of  length,  may 
be  e^qpressed  by  the  formula 

I 

kg/«m 

where  a.  Is  the  ultimate  strength  for  the  given  liner  material.  In 
b 

kg/mm^  under  standai?d  conditions;  It  Is  taken  from  the  table  or  from 
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the  curve  that  shows  the  ultimate  strength  as  a  function  of  tempera¬ 
ture  . 

Since  the  liner  temperature  varies  across  liner  thickness,  the 
value  ofa^  must  be  determined  by  taking  temperature  change  Into  con¬ 
sideration. 

One  may  assume,  with  sufficient  accuracy  for  all  practical  pur¬ 
poses,  that  the  ultimate  strength  of  the  liner  metal  changes  as  a 
function  of  temperature.  In  accordance  with  the  linear  law; 

*»A<kg/nBi^  (9.71) 

where  o'^  Is  the  extrapolated  ultimate  strength  of  the  liner  metal, 
at  the  llquld-slde  liner- sxirf ace  temperature;  k^  Is  a  coefficient 
of  proportionality  for  the  liner  material;  At  =  qx/X  Is  the  tempera¬ 
ture  difference  across  the  liner;  and  X  Is  the  thermal- conductivity 
coefficient  for  the  liner  material. 

Substituting  the  expression  for  At  Into  the  last  formula,  we 
finally  obtain 

kg/mm^  (9.72) 

In  this  case,  the  formula  for  the  value  of  takes  the  form 

or 

(9.73) 

Assuming  various  values  of  q  and  X  for  the  liner,  we  may  con¬ 
struct  a  curve  showing  P^jQp  ®  function  of  6  (Pig.  9.24). 

By  determining  the  values  of  5  and  for  each  liner  section 

by  confutations,  using  this  curve,  one  may  determine  liner  thickness 
6  for  the  selected  material,  taking  Into  account  the  temperature 
stresses  caused  by  the  temperature  difference  across  liner  thickness. 
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If  we  also  consider  the  longi¬ 
tudinal  temperature  stresses  for  the 
Inner  chamber  liner,  the  required 
liner  thickness  will  be  somewhat 
greater. 

Formula  (9.73)  shows  that  as 
heat  flow  increases,  the  maximum  per¬ 
missible  load  capacity  of  the  inner 
chamber  liner  (the  liner  carrying 
capacity)  is  reduced  sharply,  since 
to  maintain  a  high  teit?)erature  tp 
^hen  6  =  const)  we  require  an  increase 

in  t^  which  causes  a  marked  de- 
P.g 

terloration  in  the  liner-metal  mechanical  properties.  Therefore,  if 
specific  heat  flow  q  exceeds  a  certain  vaiue,  the  chamber  liner  cannot 
be  made  stronger  (when  external  cooling  is  used)  by  increasing  liner 
thickness  (see  Pig,  9.24). 

When  the  value  of  q  is  increased,  the  optimum  thickness  for  a 
steel  liner  must  be  reduced,  and  when  q  *  10'  kcal/m  hr,  liner  thick¬ 
ness  is  1  mm. 

The  liner  carrying  capacity  for  an  unreinforced  design,  under 
existing  ghRD  operating  conditions,  is  extremely  small,  and  is  clearly 
inadequate  for  reliable  chamber  operation.  The  use  of  reinforced 
liners  makes  it  possible  to  design  an  efficient  engine  chamber  with  a 
steel  inner  liner  of  quite  small  thickness  (of  the  order  of  1  ram)  and 
by  this  means,  to  provide  for  a  high  value  of  tp  at  considerable 
heat  flows.  Because  of  this,  external  chamber  cooling,  with  a  rein¬ 
forced  liner  design,  rasdces  it  possible  to  develop  engines  with  a 
higher  than  is  possible  with  unreinforced  designs. 
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Pig.  9.24.  Maxlmxim  permissible 
tensile  stress  for  a  steel 
liner  at  various  thicknesses 
and  specific  heat  flows  when 
‘p.zh  =  300OC.  1)  p^,  kg/nrn; 

2 )  q  =  6*10°  kcal/m2  hr. 


c 


At  relatively  higher  heat  flows,  a  further  increase  in  the  value 

of  t  and  a  reduction  of  inner  chamber- liner  thickness  are  required 
P  *0 

in  order  to  make  the  external  cooling  system  more  efficient.  However, 

at  the  present  time,  the  potentials  for  raising  tp  by  means  of 

increasing  t  and  reducing  liner  thickness  are,  in  practice,  quite 
P  •  8 

small,  since  in  contemporary  chambers,  6  is  already  1  mm,  and  the 

value  of  t^  „  is  1000°C. 

P>g 

Coir^jutatlons  show  that  purely  regenerative  cooling  for  a  steel 
engine- chamber  inner  liner  can,  in  practice,  be  feasible  for  heat 
flows  of  not  more  than  10'  kcal/m  hr.  At  higher  heat  flows,  chamber 
cooling  is  possible  only  upon  condition  that  one  uses  an  inner  liner 
made  of  a  material  that  conducts  heat  better  than  steel,  by  means  of 
which  we  attain  a  small  difference  in  temperatures  (tp  g  —  p 
and  consequently,  a  lesser  reduction  in  the  liner  strength  properties 
due  to  the  tenperature  difference  across  liner  thickness. 

Since  the  thermal  conductivity  of  copper  and  copper  alloys  is 
several  times  greater  than  that  of  any  brand  of  steel,  the  carrying 
capacity  of  a  copper  chamber  liner,  as  heat  flows  Increase,  is  re¬ 
duced  less  than  that  of  a  steel  liner.  For  Just  this  reason,  a  copper 
chamber  liner,  other  things  being  equal,  may  be  made  with  a  rela¬ 
tively  greater  thickness,  and,  consequently,  with  a  greater  carrying 

7  2 

capacity,  even  at  heat  flows  above  3*10'  kcal/m  hr. 

The  use  of  steel  for  fabrication  of  inner  chamber  liners  makes 
it  possible  to  develop  ZhRD  that  are  relatively  cheap  and  simple  to 
produce  and  operate. 

Many  brands  of  steel  are  corrosion-resistant  to  oxidizers  based 
on  nitric  acid.  In  this  respect,  steel  chjunbers  satisfy  the  require¬ 
ments  set  forth  for  mass-produced  Zh^  missiles.  At  the  same  time, 
however,  external  cooling  does  not  provide  for  an  Increase  in  specific 
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chamber  thrust  when  a  steel  chamber  is  used. 

The  use  of  internal  liner  protection  by  means  of  combustible 
made  it  possible  to  develop  steel-liner  chambers  with  a  greater 
them  is  possible  with  external  cooling  alone. 

One  may  draw  the  following  conclusions  on  the  basis  of  the 
material  given  above: 

1 .  The  basic  criteria  for  evaluating  the  mechamlcal  properties 
of  a  material  for  an  inner  combustion- chamber  or  nozzle  liner  are  the 
ultimate  strength  and  the  thermal  conductivity  of  the  material,  at 
liner  operating  temperature. 

2.  Liner  strength  Increases  up  to  a  certain  thickness,  above 
which  temperature  stresses  due  to  the  great  temperature  difference 
across  liner  thickness  bring  the  safety  factor  evolved  by  the  addi¬ 
tional  liner  thickness  to  naught. 

3.  The  lower  the  thermal  conductivity  of  the  material  at  a  given 
heat  flow,  the  more  rapidly  the  ultimate  strength  of  the  material  is 
reduced  by  a  rise  in  temperature  (the  lower  the  heat  resistance  of 
the  material),  the  lower  the  liner-thickness  limit  (according  to 
item  2) . 

4.  If  the  magnitude  of  specific  heat  flow  is  less  than 
5*10^  kcal/m^  hr,  copper  is  more  suitable  for  the  liner  them  other 
materials;  copper  yields  to  steel  in  strength,  specific  weight,  and 
resistance  to  corrosion. 

7  2 

5.  For  heat  flows  of  the  order  of  10'  kcal/m  hr  or  above,  copper 
and  its  alloys  (brass  and  bronze)  are  the  most  suitable  materials  for 
a  liner,  since  other  materials  are  not  capable  of  conducting  such 
quantities  of  heat  with  a  liner  thickness  of  more  than  1  mm  (a  thinner 
liner  is  difficult  to  manufacture) . 

6.  The  suitability  of  a  material  for  an  engine  combustion- chainber 
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or  nozzle  Inner  liner  and  the  required  liner  thickness  may  be  deter¬ 
mined  by  deriving  curves  in  coordinates  of  liner  strength  and  liner 
thickness  for  different  materials  at  various  liquid- side  wall  tem¬ 
peratures  and  heat  flows. 

7.  When  selecting  a  material  for  a  liner,  it  is  also  necessary 
to  consider  liner-material  plasticity,  weight,  heat  resistance,  manu¬ 
facturing  properties,  cost,  etc. 

8.  As  an  engine  operates,  the  inner  liner  is  subjected  to  con¬ 
siderable  thermal  and  static  loads;  therefore,  it  is  necessary  to 
select  a  liner  material  that  has  high  stability.  The  liner-material 
stability  is  a  function  of  thermal  conductivity  and  heat  resistance. 
The  greater  the  thermal  conductivity  of  the  material,  the  more 
favorable  liner  operating  conditions  will  be. 

An  Increase  in  liner- material  heat  resistance  permits  reducing 
liner  thickness  and  relieving  liner  operating  conditions. 


Chapter  X 

PLANNING  AND  DESIGN  OF  Zhip  FUEL- FEED  SYSTEMS 

Die  next  stage  In  developing  the  engine  Is  design  and  planning  of 
the  system  to  feed  fuel  Into  the  combustion  chamber. 

Delivery  of  the  theoretically  required  per-second  fuel-component 
flow  rates  from  the  tanks  Into  the  ZhgD  combustion  chamber  under  the 
specified  constant  pressure  Is  an  extremely  In^iortant  and  complex 
problem  In  the  design  of  the  engine. 

At  the  present  time,  there  are  several  different  types  and  con¬ 
figurations  of  Zh^  fuel-feed  systems;  these  possess  various  advantages 
and  disadvantages,  by  virtue  of  which  one  or  another  of  these  feed 
systems  may  prove  most  suitable  under  fully  defined  utilization  con¬ 
ditions. 

The  fuel- feed  system  Is  of  very  great  Importance  for  normal  and 
economical  operation  of  the  However,  little  study  has  as  yet 

been  devoted  to  the  operation  of  the  various  fuel-feed  systems.  Most 
neglected  of  all  are  the  processes  that  Involve  the  woxiclng  gas  In 
pressure- fed  fuel-feed  systems,  with  consideration  of  the  heat  ex¬ 
change  between  this  gas  and  the  pipeline  and  tank  walls,  and  with  the 
liquid  -  with  Its  surface  variable  during  flight  of  the  missile,  the 
variable  nature  of  the  washing  of  this  liquid  by  the  gas,  partial 
evaporation  and  mixing  of  the  vapors  formed  with  the  gas,  condensa¬ 
tion  of  the  latter's  vapors  In  the  tank,  etc. 

Die  ^•s  fuel-feed  system  should  be  not  only  simple  In  design, 
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compact,  and  efficient  In  operation,  but  should  also  have  a  small 
specific  weight,  l.e.,  weight  per  1  kg  of  fuel  used. 

The  weight  characteristic  of  each  fuel-feed  system  Is  a  function 
of  many  different  factors,  such  as:  feed  pressure,  thrust  and  operat¬ 
ing  time  of  the  engine.  Its  function,  etc. 

For  rational  selection  of  a  fuel- supply  system.  It  Is  necessary 
to  give  a  coR^aratlve  evaluation  with  existing  systems  for  the  speci¬ 
fied  physical  operating  conditions  of  the  engine  being  designed.  Here, 
the  most  difficult  matter  Is  to  establish  the  weight  of  the  proposed 
system,  which  does  not  yet  exist.  Theoretical  solution  of  this  problem 
Is  not  always  possible,  while  the  existing  statistical  data  on  which 
the  determination  might  be  based  to  some  extent  are  still  Inadequate. 
At  the  present  time,  only  approximate  solution  of  this  problem  Is 
possible. 

The  present  chapter  presents  a  brief  discussion  of  existing 
ZhRD  fuel-feed  systems  and  their  advantages  and  disadvantages,  and 
sets  forth  the  fundamentals  of  their  design,  as  well  as  Illuminating 
other  problems,  so  that  the  total  content  may  be  of  assistance  In  de¬ 
signing  an  efficient  fuel-feed  system. 

SECTION  1.  BASIC  TYPES  OF  ZhRD  FUEL-FEED  SYSTEMS,  THEIR  ADVANTAGES, 
DISADVANTAGES,  AND  RANGES  OF  APPLICATION 

Ihe  combustible  and  oxidizer  are  usually  delivered  from  the  tanks 
Into  the  combustion  chamber  either  by  a  gas  under  pressure  or 

by  means  of  pumps. 

nie  aggregate  of  engine  components  that  ensure  delivery  of  the 
fuel  components  from  the  tanks  Into  the  combustion  chamber  Is  normal¬ 
ly  known  as  the  fuel- feed  system. 

Hie  ZhRD's  fuel-supply  system  must  make  provision  for  fueling  the 
engine,  storage  of  the  fuel  In  its  tanked  state,  starting  the  engine. 
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and  subsequent  delivery  of  the  fuel  components  from  the  tanks  Into  the 
combustion  chamber  In  the  specified  weight  proportions  and  quantities 
during  operation,  as  well  as  necessary  drainage  of  the  liquids  from 
the  system. 

In  the  general  case,  the  engine's  fuel- supply  system  consists  of 
the  following  elements: 

1)  tanks  for  the  combustible,  oxidizer,  and  axixlllary  substances; 

2)  a  unit  to  set  up  feed  pressure  behind  the  working  substances 
to  deliver  them  to  their  point  of  application; 

3)  pipelines  and  fittings  (inside- tank  fuel  Intake  units,  filler 
and  drain  plugs,  cutoff  and  nonreturn  valves,  etc.,  gate  valves,  pres¬ 
sure  relays,  pressure  reducer,  burst  diaphragms,  throttling  disks,  and 
other  elements). 

Physically,  the  elements  of  the  2&SP  ^‘uel-feed  system  may  take  a 
wide  variety  of  forms  and  may  be  combined  In  different  ways;  for  this 
reason,  there  Is,  at  the  present  time,  a  large  niunber  of  fuel- supply- 
system  combinations. 

Ihe  main  element  In  the  engine's  fuel- supply  system,  and  that 
which  determines  all  of  Its  other  elements.  Is  the  unit  that  sets  up 
the  necessary  pressure  to  feed  the  working  components  to  their  places 
of  utilization. 

In  accordance  with  the  type  of  unit  used  here,  there  are  now  two 
basic  and  most  characteristic  ZI}gp  fuel-feed  systems:  the  pressure- fed 
and  fuel- fed  types. 

The  pressure-fed  ZhRD  fuel-feed  system  may  Incorporate  one  of  the 
following  units: 

a)  a  gas  pressure  accumulator  fOAp)».  which  Is  a  tank  containing 

*  [FAM  *  OAD  -  gazovoy  akkumulyator  davlenlya  >  (compressed  gas 
pressvire  accxamulator.  ] 
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a  reserve  of  the  oonpressed  gas  (air,  nitrogen,  helliun)  neoeaaary  to 


force  the  oonibustlble  and  oxidizer  from  the  tanks  Into  the  engine 
combustion  chamber  (see  Fig.  10. l); 


Fig.  10.1.  Schematic  dia¬ 
gram  of  pressure- fed  ZhRD 
sptem  irlth  PAD. 

1^  Compressed  air  tank; 

2)  release  valve  with 
power  cartridges;  3)  com¬ 
pressed-air  pressure  re¬ 
ducer;  4)  nonreturn  valves; 

5)  free-burst  diaphragms; 

6)  combustible  tank; 

7)  oxidizer  tank;  8}  pres¬ 
sure  relay;  9)  cutoff 
valves  with  powder  car¬ 
tridges;  10)  regulating 
disks;  11)  engine  chamber. 


Fig.  10.2.  Schematic  diagram  of 
pressure-fed  Zhl^  fuel-feed  system 
with  P^.  ““ 

1)  Solla-propellant  pressure  ac¬ 
cumulator  ( pad) ;  2)  starting  pow¬ 
der  chamber'^th  electric  Ignition; 

3)  constant-pressure  valve;  4)  gas 
reflector;  5/  nonreturn  valve;  6)  pro¬ 
pellant  tanks;  7)  compensators  In 
propellant  pipelines;  6)  forced- 
burst  diaphragms;  9)  pressure  re¬ 
lays;  10)  bellows  of  rotary- t^e 
Intake;  11)  rotary  Intake;  12)  gas 
tubing. 


b)  a  solld-propellant  pressure  accumulator  (P^) .  which  Is  a  unit 
capable  of  producing  hot  gas  at  a  definite  pressure  In  the  form  of  the 
products  of  8...0W  combustion  of  a  powder  charge,  as  required  to  pres¬ 
surize  the  combustible  and  oxidizer  from  the  tanks  Into  the  engine's 
combustion  chamber  (Fig.  10.2); 

c)  a  llquld-propellant  pressure  accumulator  (ZhAP)*.  which  Is  a 


•  tnAK 


propellant)  pressure 


porokhovoy  akkunulyator  davlenlya  ■ 
ressure  accumulator  (gas  generator). J 


wder  (solld- 
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unit  that  generates  a  hot  gas  at  a  definite  pressure  In  the  form  of 
the  combustion  products  of  the  fuel  coiiQ)onents,  as  necessary  to  dis¬ 
place  the  combustible  and  oxidizer  from  the  tanks  Into  the  engine 
combustion  chamber  (Pig.  10.3)* 


Fig.  10. 3.  Schematic  dia¬ 
gram  of  pressure-fed 
fuel- feed  system  with" 


!n*Compressed-alr  bottle; 

2)  air-pressure  reducer; 

3)  and  4)  tanks  for  aux¬ 
iliary  fuel  components; 

3)  gas  generator;  6)  tank 
for  main  oxidizer;  7)  tank 
for  main  combustible; 

8)  cutoff  (control)  valves 
or  burst  diaphragms;  9)  en¬ 
gine  chamber. 


Fig.  10.4.  Schematic  dia¬ 
gram  of  turbopump  assembly 
of  ZhRD  fuel- feed  system 
wltn^drogen-peTOxlde  va- 
por-gas  generator  (with 
solid  and  liquid  catalysts 
for  the  hydrogen  peroxide). 

1)  Compressed-air  bottle; 

2)  pressure  reducer;  3)  tank 
for  aqueous  solution  of 
sodium  permanganate;  4)  tank 
for  aqueous  solution  of  hydro¬ 
gen  peroxide;  3)  reactor  for 
hydrogen  peroxide  and  liquid 
catalyst;  6)  reactor  for  hy¬ 
drogen  peroxide  and  solid 
catalyst;  7)  combustible  tank; 
8)  oxidizer  tank;  9)  combus¬ 
tible  centrifugal  pump; 

10)  vapor-gas  turbine;  11)  oxi¬ 
dizer  centrifugal  pump;  12)  en¬ 
gine  chaalber.  A)  GMis. 


Pres sure- fed  fuel- feed  systems  with  the  above  three  types  of 
pressure  accumulators  are  sometimes  known  respectively  as  the  gas- 
bottle,  gae-powder«  and  gas-generator  fuel-feed  systems. 

A  pump- fed  ZhRD  fuel- feed  system  may  have; 

1)  mechanical  p\amp  drive  off  the  main  engine  of  the  missile  (In 

much  the  same  way  as  In  certain  aircraft  -  the  superperformance 

rockets), 

2)  Independent  piupp  ^in  ve  in  the  form  of  a  vapor-gas  turbine  or 
other  type  of  engine. 

The  systems  of  fuel  feed  by  turbine- driven  centrlfiigal  or  screw 
puiiQ)s  are  generally  known  as  turbopump  fuel- feed  systems. 

In  principle,  the  following  may  be  used  as  working  gases  to  feed 
the  turbine  of  a  mi 

1)  a  vapor  gas  obtained  by  decomposition  of  80-82  percent  hydro¬ 
gen  peroxide  In  a  "cold-type”  vapor-gas  generator  (Pig.  10.4); 

2)  the  gas  obtained  as  a  z*esult  of  combustion  of  the  basic  or 
auxiliary  fuel  components  In  a  "hot-type"  vapor-gas  generator  (Plg. 
10.5); 

3)  gas  scavenged  from  the  engine  combustion  chamber  (Fig.  10.6); 

4)  powder  gas  obtained  by  slow  combustion  of  a  powder  charge  In 
a  special  chamber; 

5)  coim)x*essed  gas  loaded  onto  the  missile  In  a  special  bottle. 

Ihe  fuel  tanks  In  any  pressure- fed  fuel- feed  system  are 

pressurized  to  a  level  slightly  higher  than  the  combustion- chamber 
pressure.  In  the  turbopuap  system,  on  the  other  hand,  the  fuel  tanks 
are  virtually  free  of  gas  pressure  (the  gas  pressure  In  the  tanks 

p 

generally  does  not  exceed  2-3*3  kg/cm  ),  with  the  result  that  their 
weight  Is  relatively  low. 

Before  entry  Into  the  turbine,  the  products  of  fuel  conibustlon 
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Fig.  10. 3*  Schwnatlc  diagram  of  turbopump- 
type  fuel-feed  system  with  "hot"  gas  gen¬ 
erator. 

l)  Oxidizer- feed  pump;  2)  gas  generator; 

3)  puipp  feeding  water  Into  reactor;  4)  va¬ 
por-gas  turbine;  5)  combustible- feed  pump; 
o)  engine  chamber.  A)  Oxidizer;  B)  water; 
c)  combustible;  D)  gas. 

In  a  vapor-gas  generator  or  combustion  products  withdrawn  directly 
from  the  combustion  chamber  must  be  cooled  to  a  temperature  (500-850°C) 
that  can  be  safely  tolerated  by  the  turbine  blades. 

One  of  the  most  lnQ)ortant  problems  with  which  It  Is  necessary  to 
deal  In  using  turbop\iiiqp  feed  systems  Is  cavitation  In  the  centrifugal 
pumps.  To  ensure  cavitation- free  operation  of  the  punqps  with  a  suf¬ 
ficiently  high  number  of  rpm.  It  Is  necessary  to  provide  a  head  In 
front  of  them;  the  greater  this  head,  the  higher  the  speed  of  the 
pumps  that  can  be  used  and  the  smaller  will  be  the  weight  and  dimen¬ 
sions  of  the 

In  accordance  with  their  operating  principles,  contemporary 
fuel-feed  systems  are  classified  as  single- shot  systems  that  frequent¬ 
ly  do  not  provide  for  regulation  of  fuel- flow  (thrust)  and  are  used  In 
missile  and  aerial- torpedo  engines  and  multiple-use  systems,  which 
provide  regulation  of  fuel  flow  In  the  majority  of  cases  and  are 
usually  used  In  aviation  sustalner  engines. 

The  most  Important  characteristic  of  any  ZhRD  fuel-feed  system 
Is  Its  specific  weight,  which  Is  defined  as  the  ratio  of  the  total 
system  weight  0^  p  to  the  fuel- tank  volume  Vg*,  l.e., 

*  [Subscript  E  «  B  «  Bak  «  tank. ] 


kg/ll  ter.  (10.1) 

The  total  weight  of  the  fuel- 
feed  system  can  also  be  referred  to 
the  weight  of  the  fuel  margin  In 
the  tanks: 

0,a:-ry,kg,  (10.2) 

where  1®  specific  weight  of 
the  fuel  In  the  t^nks  In  kg/llter. 

The  following  basic  specifica¬ 
tions  are  laid  down  for  any  type  of 

Pig.  10.6.  Schematic  diagram 

of  turbopiuiqp  ZhRD  fuel-feed  fuel-feed  system: 

system  with  withdrawal  of  gas 

from  combustion  chamber  of  l)  simplicity,  compactness, 

engine  and  cooling  of  gas  to 

specified  temperature  by  addl-  and  low  design  weight; 
tlon  of  a  certain  quantity  of 

combustible.  2)  uniformity  In  the  feed  of 

l)  Combustible  tank;  2)  oxi¬ 
dizer  tank;  3)  combustible  the  working  components  to  their 

piuqp;  4)  gas  turbine;  3)  oxi¬ 
dizer  punp:  6)  gas  starter  of  point  of  application  and  ease  of 
turbine;  7)  mixture  chamber 

(hot  gas  with  supplementary  controlling  the  engine; 

combustible);  8)  engine  cham¬ 
ber.  3)  high  economy  and  operational 

dependability; 

4)  low  manufacturing  cost  and  convenience  In  operation. 

Since  the  engine  must  sometimes  vary  Its  developed  thrust  step¬ 
wise  and  cut  In  and  out  of  operation  periodically.  It  Is  further  re¬ 
quired  In  this  case  that  the  fuel- feed  system  ensure  a  strictly  de¬ 
termined  thrust-variation  pattern  and  dependable  starting  and  stopping 
of  the  engine  when  operating  conditions  require  It. 

Tlie  weight  and  economy  characteristics  of  the  different  types  of 
fuel-feed  systems  vary  differently  with  variation  of  the  engine's  com¬ 
bustion-  chandser  pressure  and  thrust  (per- second  fuel  component  flow 
rates)  and  Its  elapsed  operating  time  (propellant  reserve  In  tanks) 
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and  accordingly  have  different  optimum  values  for  the  parameters  and 
different  ranges  of  most  effective  application  In  accordance  vd.th  the 
mission  of  the  device. 

The  ranges  and  limits  of  e3q>edlent  application  of  one  or  another 
ZhRD  fuel- supply  system  and  Its  Individual  units  have  not  yet  been  pre¬ 
cisely  established. 

Hie  prime  factor  In  determining  selection  of  the  type  of  fuel- feed 
system  and  the  Individual  elements  In  It  Is  specific  weighty  while  the 
cooQiaratlve  design  con^lexlty^  cost,  and  economy  of  operation  follow  In 
liqportance. 

In  the  design  of  an  engine,  the  appropriate  type  of  fuel-feed 
system  and  the  design  features  of  Its  Individual  elements  are  usually 
governed  by  the  mission,  thrust,  operating  time,  and  operating  regime 
of  the  engine,  as  well  as  weight,  production,  economy,  operational,  and 
other  considerations.  In  this  connection.  It  will  be  advisable  to  devote 
brief  attention  to  the  basic  advantages  and  disadvantages  of  existing 
ZhRD  fuel- supply  systems. 

The  advantages  of  the  pz>essure-fed  fuel-feed  systems  with 

and  PAD  are  as  follows: 

1)  sliig>llclty  and  low  cost  of  construction; 

2)  small  dimensions  and  specific  weight.  If  the  engine  Is  a  low- 
thrust  engine  with  a  short  operating  time; 

3)  stability  In  the  feed  of  the  fuel  components  Into  the  combus¬ 
tion  chamber.  If  the  gas  accumulator  Is  equipped  with  a  pressure  re¬ 
ducer  or  the  powder- type  accumulator  Is  equipped  with  a  high- sensitiv¬ 
ity  release  valve  for  the  excess  powder-gas  pressure,  etc. 

Hie  basic  deficiencies  of  these  fuel-feed  systems  are: 

l)  the  high  specific  weight  of  the  fuel  tanks,  which  results 
from  the  necessity  of  making  them  stronger  for  operation  under  the 
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rather  high  gas  pressiire^  particularly  In  cases  where  hot  gases  are 
used  (when  PAD  or  ZhAD  are  used  In  the  system); 

2)  high  specific  weight  of  the  pressure  accumulator  with  the  com¬ 
pressed  gas  In  It  (in  cases  where  QAp  are  used); 

3)  large  heat  losses  from  the  hot  gases  Into  the  surrounding 
medium  (in  cases  where  or  ZhAD  are  used);  this  Increases  the  spe¬ 
cific  weight  of  the  powder  charge  or  fuel  required  to  generate  the  gas; 

4)  the  rate  of  powder  combustion  depends  on  the  tempera tvire  of 
the  environment,  with  the  result  that  Its  combustion  surface  must  be 
determined  proceeding  from  the  rate  of  combustion  for  the  lowest  possi¬ 
ble  ambient  temperature  -  which  necessitates  Installing  a  pressure- 
release  valve  In  the  accumulator  and  losing  part  of  the  energy  of  the 
powder ; 

5)  when  the  operating  time  of  the  engine  Is  lengthened,  the 
weight  of  these  fuel-feed  systems  rises  sharply,  which  makes  them  un¬ 
suitable  for  engines  with  high  thrusts  and  long  operating  times. 

If  the  compressed  gas  Is  preheated  before  entry  into  the  fuel 
tanks,  the  weight  of  gas  stored  In  the  system's  bottle  can  be  reduced 
by  a  factor  equal  to  that  by  which  the  temperature  Is  raised. 

Due  to  the  special  properties  noted  above,  the  pressure- fed  fuel- 
feed  system  Is  useful  only  for  low-  and  medium-thrust  engines  with 
short  operating  times,  nils  system  Is  also  used  with  QAD  In  stationary 
experimental  units  and  In  starting  and  sustalner  aircraft  engines.  How¬ 
ever,  the  positive  features  Inherent  In  this  system  may.  In  some  cases, 
make  Its  use  expedient  even  for  relatively  high-thrust  and  long-burning 
engines. 

nie  advantages  of  the  turbopump  fuel- feed  system  Include: 

1)  llghteivwelght  fuel- tank  design,  since  the  tanks  operate  at 
low  gas  pressure; 
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2)  the  weight  of  the  TNA  does  not  depend  on  the  operating  time 
of  the  engine; 

3)  fully  satisfactory  constancy  In  the  feed  of  the  fuel  compo¬ 
nents  Into  the  engine's  combustion  chamber; 

4)  the  possibility  of  utilizing  the  spent  turbine  gases  for 
flight- control  and  stabilization  of  the  missile; 

5)  high  engine  specific  thrust,  since  the  optimum  gas  pressure  In 
the  combustion  chamber  of  an  engine  using  this  system  Is  usually  found 
to  be  higher  than  In  pressure-fed  fuel-feed  systems. 

The  deficiencies  of  the  turbopump  fuel-feed  system  Include  com¬ 
plexity  of  design,  which  lowers  dependability  and  raises  the  cost  of 
the  engine,  as  well  as  the  torque  developed  by  the  turbopunp  assembly, 
which  Is  transmitted  to  the  apparatus  and  may  require  special  compensa¬ 
tion. 

Ihe  turbopvmp  fuel-feed  system  has  been  used  In  engines  for  long- 
range  missiles  with  thrusts  above  18-25  tons  and  operating  times  longer 
them  60  sec.  With  lightweight  and  economic  design  of  the  ^A,  this  fuel- 
feed  system  may  be  found  expedient  for  lower-thrust  engines  with  short¬ 
er  operating  times. 

\ 

It  must  be  remembered  that  the  creation  of  a  fuel-feed  turbopump 
system  Is  an  extremely  complex  and  difficult  problem,  particularly  In 
those  cases  where  It  Is  necessary  to  deal  with  highly  aggressive  fuel 
components.  Itie  problems  of  making  metering  and  regulating  devices  for 
this  system  are  also  complex  and  have  not  yet  been  adequately  studied. 

Ihe  time  for  the  m  to  come  up  to  the  rated  regime  may  run  to 
2  sec  with  the  total  tine  for  the  engine  to  cone  up  to  regime  no  great¬ 
er  than  2.3  sec. 

After  selection  of  efficient  types  and  designs  for  the  Individual 
elements  of  the  fuel-feed  system,  the  Ignition,  control,  and  self- 
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blocking  systems  are  selected  for  the  Zjj^RD.  Successful  solution  of 
these  problems  guarantees  dependable  starting,  operation,  and  stopping 
of  the  engine. 

SECTION  2.  FUNDAMENTALS  OP  PLANNING  AND  DESIGN  OP  ZhRD  FUEL  TANKS 
Hie  fuel  tanks  of  the  Zh|Rp  are  the  reservoirs  which  hold  Its 
combustible  and  oxidizer.  The  following  problems  must  be  resolved  In 
their  design: 

1.  Selection  of  the  tank  type  In  accordance  with  technical 
specifications. 

2.  Selection  of  the  arrangement  of  the  tanks  on  the  missile. 

3*  Selection  of  the  fuel-baffling  devices  for  the  Interior  of  the 
tanks. 

4.  Determination  of  the  required  fuel-tank  volumes. 

5.  Strength  calculations  for  the  tanks  and  their  Individual  ele¬ 
ments. 

6.  Detennlnatlon  of  fuel- tank  weight. 

7.  Selection  of  the  structural  materials  for  the  tanks,  etc. 

1.  Fuel-tank  types  and  specifications  set  forth  for  them.  In  ac¬ 
cordance  with  the  method  used  to  feed  the  fuel  components  Into  the 
engine's  combustion  chamber,  fuel  tanks  are  classed  Into  two  basic 
groups : 

Stressed  tanks,  l.e.,  tanks  that  are  under  high  pressure  during 
operation  of  the  Zt^lD  and  usually  form  a  component  part  of  a  pressure- 
fed  fuel- feed  system. 

Unstressed  tanks,  l.e.,  tanks  that  are  under  only  moderate  pres- 

Q 

sure  (2-3*5  kg/cm  and  up)  during  operation  of  the  and  usually 
form  a  component  part  of  the  missile. 

Since  the  dimensions  of  the  fuel  tanks  usually  make  up  most  of  the 
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length  of  the  missile j  they  are  frequently  used  as  the  thrust  frame¬ 
work  to  absorb  the  forces  acting  on  the  missile.  Such  tanks  are  known 
as  bearing  tanks.  Tanks  of  this  type  are  extremely  sensitive  to  ex¬ 
ternal  pressures 4  since  the  ratio  of  their  wall  thickness  to  their 
diameter  Is  very  small  (about  1  to  500). 

Die  specifications  set  forth  for  the  materials  and  design  of  the 
fuel  tanks  depend  on  the  type  of  pressure  accumulator  used  In  the  feed 
system  and  the  physicochemical  properties  of  the  fuel  components 
used  In  the  ZhRD. 

If  fuel  components  with  low  boiling  points  (liquid  oxygen,  etc. ) 
are  used  for  the  engine,  the  tanks  must  have  special  heat  Insulation. 
Tanks  for  corrosive  fuel  components  must  be  made  from  special  corro¬ 
sion-resistant  materials. 

If  a  hot-tank  pressure  accumulator  Is  used  In  the  system.  It  Is 
necessary  to  take  Into  account  the  thermal  stresses  that  arise  In  the 
material  of  the  tanks  as  a  result  of  their  becoming  heated  by  the  hot 
gas,  as  well  as  the  changes  In  the  strength  properties  of  the  material 
that  take  place  when  this  happens. 

The  following  basic  specifications  are  set  forth  for  the  design 
of  fuel  tanks  of  any  type  or  construction. 

The  tanks  must  have  the  smallest  possible  specific  weight,  since 
the  flight  characteristics  of  the  missile  Inqprove  as  their  weight  Is 
reduced.  It  Is  particularly  Important  to  bear  this  requirement  In  mind 
In  designing  gbfiff  stressed  tanks,  since  their  weight  always  makes 
up  the  major  part  of  the  design  weight  of  the  entire  missile. 

Minimum  tank  design  weight  can  be  achieved  by  using  materials 
with  high  mechanical  properties  and  low  specific  gravities  In  their 
manufactiu:*e. 

In  the  case  of  the  pump-fed  fuel-feed  system,  the  tanks  make  up 
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only  a  small  percentage  of  the  total  weight  of  the  missile  and  are 
frequently  relatively  slngjle  from  a  design  stan(ft)olnt.  In  the  case  of 
the  pressure  fed  system,  the  tank  weight  may  con^ose  approxliuately 
20-30  percent  of  the  total  dry  weight  of  the  missile. 

Ihe  tanks  must  be  highly  corrosion-resistant,  nils  specification 
assumes  particular  Inportance  when  the  operates  on  corrosive  fuel 

components,  particularly  when  It  Is  necessary  to  store  them  In  the 
engine's  tanks  for  long  periods. 

Pie  tanks  must  be  simple  to  manufacture  and  convenient  to  work 
with.  For  the  most  part,  fuel  tanks  are  fabricated  by  welding.  High 
strength,  plasticity,  tightness,  and  corrosion- real stance  properties 
are  required  In  the  weld  seams  of  the  tanks. 

Welding  must  be  carried  out  In  such  a  way  that  the  deformation 
undergone  by  the  metal  will  be  minimal. 

Bearing  tanks  must  have  smooth  outlines  that  conform  to  the  out¬ 
lines  of  the  missile,  nie  tanks  must  be  located  on  a  single  axis  with 
the  missile  (when  the  tandem  placement  system  Is  used).  The  fuel-tank 
design  must  also  satisfy  a  number  of  operational  specifications:  the 
possibility  of  rapid  evacuation  In  emergency  situations,  measurement 
of  the  liquid  level  In  the  teuik,  and  rapid  blowoff  of  pressure.  In 
certain  cases.  It  Is  necessary  to  provide  windows  for  hydrostatic 
testlr^,  cleaning,  and  Inspection  of  the  Interiors  of  the  tanks. 

2.  Qeometrlcal  shapes  and  relative  placement  of  tanks  on  missile. 
The  fuel  tanks  of  a  normally  made  cylindrical  In  shape  and 

az*ranged  separately  (one  after  the  other)  or  concentrically  (one  In¬ 
side  the  other)  on  board  the  missile. 

The  generally  accepted  model  for  placement  In  a  reaction- thrust 
missile  Is  tandem  location  of  cylindrical  fuel  tanks  forward  of  the 
engine  chamber. 


In  selecting  one  or  another  fuel- tank  shape  and  the  scheme  for 
locating  them  on  the  missile.  It  Is  necessary  to  take  Into  account 
the  weight  characteristics  of  the  tanks,  their  positions,  and  the 
technological,  economy,  and  other  factors  Involved  here. 

If  It  Is  possible  t^  use  long  tanks.  It  Is  advisable  to  select 
the  sliq>ler  tandem  arrangement,  while  when  the  missile  has  a  relative¬ 
ly  large  diameter,  preference  may  sometimes  be  given  to  concentric- 
system  tanks  (Fig.  10.7c).  Ihe  concentric  fuel-tank  arrangement  can 
be  Justified  only  by  the  necessity  of  ensuring  the  specified  weight 
and  flight  characteristics  for  the  missile,  since  It  Is  a  relatively 
complex  arrangement  to  execute. 

Bearing  fuel  tanks  are  frequently  of  the  "combined"  configura¬ 
tion  (see  Fig.  10.7b).  As  with  the  concentric  tank  arrangement,  the 
basic  deficiency  of  this  design  consists  In  the  danger  of  explosion 
of  hypergollc  fuel  components  In  the  event  that  the  hermetic  partition 
between  the  two  tanks  Is  broten. 


Fig.  10.7.  Schematic  diagram  showing  ar¬ 
rangement  of  engine  fuel  tanks  on  board 
missile. 

a)  Separate  (tandem)  tank  arrangement; 

b)  combined  tank  construction  with  tandem 
arrangeisent ;  c)  concentric  tank  arrange¬ 
ment;  1)  Pressure  accumulator;  2)  pressure 
reducer;  3)  and  4)  fuel  tanks;  5)  engine 
chafer. 
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For  engines  with  turbopixop  fuel-feed  systems.  It  Is  sometimes 
advisable  from  the  viewpoint  of  pua?>  operation  to  place  the  oxidizer 
tank  forward.  In  general,  however,  the  tank  arrangement  may  be  varied; 
the  tanks  are  located  In  such  a  way  that  the  missile  will  be  stable. 

In  resolving  the  question  of  tank  placement  aboard  the  missile.  It 
Is  necessary  to  give  preference  to  the  variant  with  which  the  center 
of  gravity  of  the  tanks  will  shift  least  with  respect  to  Its  Initial 
position  as  the  fuel  Is  burned  out.  With  this  object  In  mind,  the 
fuel  tanks  are  usually  located  as  close  as  possible  to  the  missile's 
center  of  gravity. 

The  diameters  of  the  fuel  tanks  are  determined  by  the  design  and 
mission  of  the  missile,  and  their  length  by  the  fuel  reserve  required 
to  operate  the  engine.  The  ratio  of  tank  length  to  diameter  Is  fre¬ 
quently  2~5t  and  has  even  reached  8-12  In  certain  designs  of  recent 
years  ("Aerobee"  and  "Corporal"  rockets,  etc. ). 

The  fuel-tank  bases  are  frequently  made  spheroidal  In  shape. 
Sometimes,  however.  It  may  prove  expedient  to  use  a  funnel-shaped 
taper.  This  base  shape  on  the  liquid- takeoff  end  guarantees  a  higher 
fluid-flow  rate  In  front  of  the  turbine  drive,  as  well  as  eliminating 
the  necessity  of  using  Intake  devices  Inside  the  tanks. 

Placement  of  one  tank  partly  Inside  the  other  makes  It  possible 
to  reduce  the  excess  pressure  on  the  tapered  base  and  the  fuel-intake 
line  of  one  of  the  tanks  and  make  them  thinner  and  lighter  In  weight. 

3.  Inside-tank  Intake  devices.  It  Is  necessary  that  the  design  of 
each  tank  Incorporate  certain  devices  that  are  Important  for  Its 
operation:  devices  for  fueling,  drain  and  safety  valves,  etc.  A 
pressure-relief  valve  Is  sometimes  Installed  In  reusable  stressed 
tanks.  Large- volume  tanks  frequently  have  windows  for  Inspection  of 
their  Internal  parts  and  for  repair. 
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When  the  missile  maneuvers,  liquid  fuel  con^onents  In  the  tanks 
may  be  sloshed  away  from  the  Intake  tube  as  a  result  of  the  centrifugal 
forces,  particularly  when  the  tanks  contain  only  small  quantities  of 
liquid.  This  may  result  In  stalling  of  the  engine  and  even  explosion. 

In  cases  when  hypergollc  fuel  components  are  being  used. 

Furthermore,  the  liquid  In  the  tanks  may  foam  under  the  Impinge¬ 
ment  of  the  gas  Jet  from  the  pressure  accumulator,  and  the  gas  may 
mix  violently  with  the  liquid  and  form  bubbles  In  It,  to  the  consider¬ 
able  detriment  of  normal  engine  performance. 

Wider  certain  conditions,  the  liquid  Issuing  from  the  tank  may 
swirl  and  form  a  whirlpool,  so  that  the  working  gas  may  be  sucked  out 
of  the  tank  Into  the  offtake  pipeline  until  the  liquid  Is  completely 
exhausted,  so  that  the  engine  stalls. 

Baffles,  diaphragms,  and  special  funnel  quenchers  are  Installed 
to  protect  the  liquid  In  the  tanks  from  the  Jet  of  gases  at  entry,  sup¬ 
press  sloshing  and  foaming  as  the  missile  maneuvers  or  comes  under 
overload,  and  as  a  countermeasure  against  formation  of  whirlpools  at 
the  entry  Into  the  Intake  device. 

Special  Inslde-tank  Intake  devices  are  employed  to  prevent  starva¬ 
tion  of  the  side  Intake  tube  during  maneuvers  by  the  missile. 

Tbe  following  basic  designs  are  known  for  Inslde-tank  fuel- 
intake  devices  (Fig.  10.8): 

1)  flexible  hose- type  Intakes; 

2)  rotary  trunk- type  Intakes; 

3)  sliding  tank  pistons; 

4)  flexible  pressurizing  bags. 

In  the  case  of  pressure-fed  fuel-feed  systems  with  or 
It  Is  necessary  to  limit  the  temperature  of  the  gases  fed  Into  the 
fuel  tanks  to  a  certain  range  (normally  no  higher  than  800-900^0)  In 
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order  to  avoid  excessive  heatlrig  of  the  tank  walls  and  lowering  of 
their  strength. 


Fig.  10.8.  Schematic  diagrams  of  fuel- 
intake  devices  In  fuel  tanks, 
a)  'Sank  with  hose  Intake;  b)  tank  with 
trunk  Intake;  c)  tank  with  piston  Impel¬ 
ler;  d)  and  e)  tanks  with  pressurizing 
bags,  l)  Gas  supply;  2)  hose  trunk; 

3)  swivel  trunk;  4)  piston;  5)  and  6)  pres 
stirlzlng  bags;  7)  quencher;  8)  propellant 
odtlet. 


Hie  hot  gases  may  be  cooled  by  spraying  a  certain  amount  of 


water  Into  them  or  by  cooling  the  gas  pipeline  with  one  of  the  fuel 


coiiq;>onents.  When  are  used,  the  temperature  of  the  combustion 
products  may  also  be  reduced  by  varying  the  fuel  mixture  ratio. 

4.  Determining  requli* **ed  fuel- tank  volume.  Hie  required  tank  vol¬ 
ume  for  a  given  fuel  component  Is  determined  by  the  foimila 

where  is  the  calculated  volume  of  the  propellant  In 

question  (G  Is  the  per-second  flow  In  kg,  y  Is  the  specific  gravity 
of  this  propellant,  and  Is  the  engine's  operating  time  In  sec), 
Vgar  *  (0.02  to  0.05)  ^r^sch  guaranteed  fuel- component  reserve 

needed  to  start  the  engine  and  ensure  dependable  operation  during  the 


*  [Subscripts r  pacv  -  rasch  «  raschetnyy  -  calculated;  rap  »  gar  ■ 
garantlynyy  >  guaranteed;  noA  ■  pod  *  podushka  >  cushion. ] 

**  [Subscript  AB  -  dv  >  dvlgatel*  -  engine.  ] 
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established  operating  time,  since  In  practice  a  certain  noncorres¬ 
pondence  between  the  actual  and  calculated  per- second  fuel  flow  rates 
Is  possible,  and,  moreover,  not  every  Inside- tank  device  can  guarantee 
complete  scavenging  of  the  conqponent  from  the  tank;  »  (0.03  to 

Is  the  gas-cushion  volume  required  In  the  tank  to  prevent 
an  excess  pressure  rise  In  It  as  a  result  of  volume  expansion  of  the 
fuel  component  when  the  teinperature  rises  after  fueling  and  the  evolu¬ 
tion  of  gas  that  takes  place  as  a  result  of  the  chemical  reactions 
that  unfold  In  It,  as  well  as  to  soften  the  sharp  Impact  of  the  In¬ 
coming  gas  on  the  surface  of  the  liquid  on  starting  when  pressure-fed 
fuel-feed  systems  are  used. 

The  value  of  will  be  higher  for  superior  Inslde-tank  mechan¬ 

isms  and  longer  mlsslle-launchlng  and  climbing  times.  Ihe  time  of  the 
g^'s  operation  on  the  starting  device  Is  basically  determined  by  the 
engine's  starting  system.  With  pyrotechnic  Ignition  this  time  comes  to 
about  0.2  sec;  with  stepped  Ignition  of  the  engine.  It  attains  2-3  sec. 

llie  volume  of  the  gas  cushion  In  a  given  tank  must  be  determined 
with  consideration  of  possible  pressure  elevation  In  the  tank  as  a 
result  of  Increases  In  the  fuel- component  temperature  under  the 
engine's  operating  conditions.  The  value  of  this  pressure  Is  governed 
by  the  design  of  the  fuel  tanks  and  the  special  characteristics  of  the 
engine's  fuel-feed  hydraulic  system;  In  pressure-fed  systems.  It  must 
not  exceed  the  bursting  pressure  of  the  sealing  diaphragms  (3-8  atm 
abs),  since  the  engine  might  otherwise  start  by  Itself. 

me  temperature  of  the  atmospheric  air  may  vary  from  -40  to  +30^C, 
depending  on  the  conditions  under  which  the  ZhRI>>equlpped  missile 
operates.  When  this  temperature  changes,  the  temperature  and  volumes 
of  the  fuel  components  and  air  cushions  In  the  tanks  usually  change 
too. 
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The  required  tank  volume  for  a  given  fuel  component  may  be  de¬ 
termined  as  follows «  with  consideration  of  alr-cushlon  volume. 

If  the  fuel  conqponent  Is  run  Into  the  tank  at  a  temperatux^  of 
-40°C,  Its  volume  will  be 

and  the  free  volume  In  the  tank  (air  cushion)  will  be  expressed  by 
the  formula 

where  the  weight  of  the  fuel  component  In  question  for  opera¬ 

tion  of  the  engine  for  a  specified  Interval  of  time,  Vg  Is  the  re¬ 
quired  tank  volume  for  this  fuel  component,  taking  Into  account  the 
alr-cushlon  volume,  and  Y^_4qOj  1®  the  specific  gravity  of  this  com¬ 
ponent  at  -40°C. 

On  heating  of  the  fuel  component,  the  fi*ee  volume  In  the  tank 
(air  cushion)  becomes  smaller  and  will  be 

'(+*n 

at  a  temperature  of  +50°C;  here  ^(+50°)  specific  gravity  of  the 

con^onent  at  a  tenveratuz*e  of  +50°  C. 

Since  the  tank  Is  airtight,  the  same  quantity  of  air  remains  In 
It  at  +50°C  as  was  there  at  -40°C,  while  Its  pressure  has  risen  to 
some  value  that  Is  safely  admissible  for  the  tank,  l.e., 

0,,,=*  0«*,  (— 40’)  “-Oot, 

Ihe  weight  of  the  air  cushion  at  tenqperatures  of  -40  and  +50°C^ 
may  be  expressed  by  the  following  equations  of  state: 


«  [Subscript  KOMp  *  komp  >  konqponent  »  component.  ] 
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'HOI  (  —40’)  * 


Pa 


I  7(-4(r)  J 


O, 


no*  (+»•)  = 


l~W) 

(-fSO') 


^n^a  (-40*) 


Pmaa 


I  T+BO-  J 


^■M^noj|(+B0*) 


Where  and  are  the  pressure,  temperature,  and  gas  constant 

of  atmospheric  air  at  -4o°C,  and  Pp^^j*  ^pod  ^od  ®*®® 

quantities  for  the  air  cushion  In  the  tank  at  a  temperature  of  +30^C. 

On  coiq)arlng  the  right  members  of  these  equations  and  making  the 
appropriate  conversions  for  =  \od*  obtain  a  fozmila  for  deter¬ 
mining  the  tank  volume  reqxilred  for  the  fuel  component  In  question: 


Pan 

7(4to*) 


'a(-40*)' 


Ja 


PaaJ', 


_  '  noK-t-SO*) 

- 0. 


«(-«■) 


~PaT, 


noi  (-t-SO*) 


or 


233 


Pnoi 
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This  formula  does  not  take  Into  account  the  partial  vapor  pres¬ 
sures  of  the  fuel  con^onent  and  the  pressure  that  may  be  generated  In 
the  tank  as  a  result  of  deconqjosltlon  of  the  component  during  storage. 

The  design  may  call  for  running  the  components  Into  the  tanks 
either  from  the  top  or  from  the  bottom  (depending  on  the  type  of 
missile,  the  conditions  under  which  It  starts,  etc.  ).  It  Is  advisable 
to  fill  a  tank  with  llqxild  oxygen  from  the  bottom  In  order  to  avoid 
the  violent  evaporation  of  the  substance.  The  gas  cushions  communicate 
with  the  atmosphere  throxigh  bleeders  when  the  tanks  are  filled  with 
propellant. 

In  computing  tank  volumes.  It  Is  also  necessary  to  take  Into 
account  the  volume  occupied  by  tubing.  Intake  devices,  etc. 

In  cases  where  the  engine  stops  as  a  result  of  exhaustion  of  the 
propellant  supply  In  the  tanks.  It  Is  advisable  to  use  propellant  tanks 
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of  volumes  such  that  the  oxidizer  will  be  exhausted  first  and  the  en¬ 
gine  will  stop  with  some  combustible  left.  VAien  this  Is  done,  the 
guarantee  component  margin  Is  found  to  be  smaller,  while  the  conditions 
under  which  the  engine  stops  are  more  favorable. 

5.  Strength  calculations  for  tanks.  Strength  calculations  for  the 
tanks  are  based  on  the  formulas  of  the  theory  of  thln-walled  vessels. 

With  the  turbopvimp  fuel-feed  system,  the  calculated  fuel-tank 

/ 

pressure  may.  In  first  approximation,  be  assumed  equal  to  2-3*5  kg/cm^. 

With  the  pressure-fed  fuel-feed  system,  the  theoretical  tank 
pressure  Is  made  15-25  percent  higher  than  the  necessary  feed  pressure, 
which  Is  "refined"  after  final  elaboration  of  the  engine's  entire 
hydraulic  system. 

In  the  case  of  the  pressure-fed  system,  the  pressure  necessary 
to  feed  a  given  fuel  component  Into  the  engine's  combustion  chamber  Is 
given  by  the  formula 

+ V...  kg/cm^ ,  *  (10.3) 

where  p^  Is  the  propellant  pressure  In  the  tank,  p^  Is  the  gas  pres¬ 
sure  In  the  engine's  combustion  chamber,  and  dp_  _  Is  the  total  pres- 

P  •  P 

sure  gradient  In  the  propellant  In  the  engine's  fuel-feed  system 
(dpj.  In  the  nozzles,  In  the  cooling  system,  in  the  pipe¬ 
lines,  at  the  valves,  throttling  disks,  etc.). 

All  of  these  fluid-pressure  losses  between  the  tank  and  the  com¬ 
bustion  chamber  are  determined  together  by  the  usual  hydraulic  formu¬ 
las. 

In  designing  the  hydraulic  system  of  the  engine.  It  Is  necessary 
that  the  tank  pressures  of  the  two  fuel  components  be  the  same,  since 
this  simplifies  the  design  of  the  fuel-feed  system.  Uneq\ial  hydraulic 

*  [Subscripts n  -  p  «■  podacha  «  feed;  E  ■  B  >  Bak  -  Tank;  k>  k  > 
kamera  •  chamber;  c.n  *  s.p  «  sumnamyy  perepad  »  total  gradient.  ] 
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resistances  In  the  combustible  and  oxidizer  systems  are  usually 
eliminated  by  inserting  throttling  disks  into  the  lines.  These  disks 


are  also  used  to  ensure  the  necessary  flow  rate  of  the  fuel  conqponents 
into  the  combustion  chamber  in  the  specified  weight  proportions. 

The  thickness  of  the  fuel-tank  walls  is  determined  by  the  pressure 
exerted  on  the  fuel  cosq>onents  in  them,  as  well  as  by  the  mechanical 
properties  of  the  material  from  which  these  tanks  were  made. 

Khowing  the  theoretical  temk  pressure  p^,  we  can  determine  the 
necessary  tank-wall  thickness  6^.  For  example,  we  have  for  a  cylin¬ 
drical  tardc 


(10.4) 

where  dg  is  the  Inside  diameter  of  the  tank,  is  the  ultimate 
strength  of  the  material  selected  for  the  tank,  in  kg/cm  ,  and  ng  is 
the  strength  safety  margin  of  the  tank  material. 

Ihe  thickness  of  the  bases  of  cylindrical  tanks  depends  on  their 
shape.  The  wall  thickness  of  a  spherical  tank  base  is  determined  by 
the  formula 


*  (10.5) 

The  most  common  tank-base  shape  is  elliptical  or  near-elliptical, 
described  by  a  radius  r^  >  ^3^2. 

The  thickness  of  the  tank-base  wall  can  be  determined  in  this 
case  by  the  formula 

(10.5a) 

where  r^  is  the  radius  of  the  base  sphere. 

When  the  tanks  are  designed,  it  is  necessary  to  make  allowances 
for  the  loss  in  strength  that  takes  place  on  heating. 

*  [Subscript  AH  «  dn  -  dnlshche  -  base. ] 
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The  most  severe  conditions  for  the  tank  metal  arise  during  fuel 
feed  by  hot  gases  (from  PAD  or  ZhAP).  In  this  case,  the  metal  must  be 
sufficiently  strong  for  feed  pressures  of  the  order  of  35-60  atm  abs 
and  temperatures  around  400-800°C. 

If  the  fuel  tanks  bear  stresses,  it  is  necessary,  in  addition  to 
the  stresses  that  arise  in  the  metal  due  to  the  pressure  of  cold  or 
hot  gases  inside  them,  to  take  into  account  the  external  loads  ex¬ 
perienced  by  the  tanks  during  launching  and  flight  of  the  missile 
(weight  of  the  liquid  colunm  in  the  tank,  acceleration  effect,  etc.  )• 

In  modern  fuel-tank  designs,  which  are  executed  in  steel  and 
stressed  by  the  pressure  of  a  cold  gas,  the  strength  margin  1.5 

to  2.0.  If  the  fuel  tanks  operate  under  the  pressure  of  hot  gases  or 
are  used  as  load-bearing  structural  members  of  the  missile,  the 
strength  safety  margin  of  the  tank  material  must  be  raised  to  «  2.3 
and  higher.  The  strength  margin  of  the  tank  material  also  takes  into 
account  the  Increase  in  the  pressure  in  the  tanks  due  to  the  liquid 
column  and  the  inertial  forces  that  arise  in  it  during  the  flight  of 
the  missile. 

Cylindrical  fuel  tanks  and  the  gas  accumulators  are  sometimes 
wire-wound  to  permit  making  them  lighter.  The  weight  of  a  cylindrical 
tank  wound  with  steel  wire  is  almost  equal  to  the  weight  of  a  spher¬ 
ical  tank  of  the  same  capacity  (such  as  the  gas  bottles  of  the  Qerman 
V-1  missile). 

Unpressurized  fuel  tanks  used  in  engines  with  pump-fed  fuel  sys¬ 
tems  are  usually  made  thin-walled  (shell  thicknesses  up  to  2  mm)  from 
magnesium-aluminum  alloy  with  a  short-time  breaking  strength  ^ 

^  20  kg/mm^  and  a  specific  weight  of  2700  kg/m^.  The  strength  safety 
margin  of  tanks  made  from  this  material  may  be  set  at  n^  -  1.8  to  2. 

6.  Determining  fuel-tank  weight.  The  dry  weight  of  a  cylindrical 
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tank  for  a  given  component  may  be  expressed  by  the  following  formula, 
without  consideration  of  the  effects  of  the  liquid  column  In  It  and 
acceleration  forces: 

*  (10. 6 ) 

where  £3  *  1*2  to  1.4  Is  an  encumbrance  factor,  which  takes  Into  ac¬ 
count  the  weight  of  the  bases,  flanges,  mountings,  and  fittings  of 
the  tank  (fueling  valve,  scavenging  devices,  etc. ),  ig  * 
the  length  of  the  cylindrical  tank,  and  g  Is  the  specific  gravity 
of  the  material  from  which  the  tank  Is  made. 

Substituting  values  of  5g  from  (10.5)  and  l^g  In  (10.6),  we  obtain 
finally 


•Ullm* 

Ihe  specific  weight  of  the  fuel  tanks  will  be 

*  Vb  •hI’Iu*  * 


(10.7) 


(10.8) 


Ihus,  the  fuel-tank  specific  weight  Is  proportional  to  the  pres¬ 
sure  Pg  and  depends  on  shape,  design,  and  the  strength  properties  of 
the  tank  materials,  with  Yg  dlmlnlslilng  as  the  material's  strength 
factor  g  Increases. 

Fbr  rough  calculations,  use  may  be  made  of  data  on  existing  tanks 
of  similar  types  made  fzHxn  the  same  material,  taking  Into  account  the 
values  of  the  prossure  Pg  and  the  volume  Vg. 

Assuming  that  the  strength  and  design  characteristics  of  the 


tanks  being  compared  are  Identical,  we  obtain 

0.-0.--, 


(10.9) 


In  c(»Q>utlng  the  weight  of  an  unprossurlzed  hlgh-capaclty  tank, 
It  Is  necessary  to  take  Into  account  the  weight  of  the  transverse 


*  [Subscript  M  *  m  >  matez*lal  «  material.  ] 
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framing  (bulkheads)  necessary  to  give  the  tank  rigidity  and  the 
weight  of  the  fittings,  baffles,  and  Insulation. 

Die  tank  fill  factor  depends  on  the  mission  of  the  missile  and 
may  vary  In  practice  from  0.6  to  0.8.  Dils  means  that  the  fuel  re¬ 
serve  In  the  tanks  amounts  to  about  6O-8O  percent  of  the  missile's 
weight  at  launching,  and,  consequently,  that  the  fuel  tanks  are  nor¬ 
mally  relatively  large  In  dimensions  and  rather  heavy. 

With  punqp-fed  fuel  systems,  the  tanks  represent  a  small  percent¬ 
age  of  the  total  welgh^  of  the  missile  and  are  frequently  relatively 
slnqple  from  a  design  standpoint.  In  the  case  of  the  pressure-fed  fuel 
system,  the  tank  weight  may  represent  about  20-30  percent  of  the 
missile's  total  weight  without  fuel  and  approximately  70  percent  of 
the  engine  dry  weight.  For  this  reason,  fuel-tank  design  Is  frequent¬ 
ly  subordinated  to  the  general  planning  conception  of  the  missile. 

7.  Matertals  for  the  tanks.  In  selecting  a  material  for  the  tanks, 
we  usually  proceed  from  the  specifications  set  forth  for  It,  taking  In¬ 
to  consideration 

1)  the  nature  of  the  fuel  components  (their  corrosive  action); 

2)  the  method  of  feeding  the  propellants  Into  the  engine's  com¬ 
bustion  chamber  (pxunps,  cold  gases,  hot  gases); 

3)  the  positioning  of  the  tanks  In  the  missile  (load-bearing  or 
nonbearing  tcmks); 

4)  the  period  for  which  the  fuel  component  will  be  stored  In  the 
tank,  etc. 

Practical  ejqperlence  has  established  the  most  suitable  materials 
for  a  number  of  specific  cases;  usually,  these  are  various  types  of 
steel  and  aluminum  alloys.  Given  the  appropriate  welding  technique 
and  heat- treatment,  tanks  may  be  made  from  carbon  steels  and  magnesium 
for  certain  fuel  co9q;>onent8.  However,  the  use  of  these  materials  for 
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tanks  to  hold  a  number  of  oxidizers  Is  possible  only  provided  that 
they  are  given  special  protection  from  surface  corrosion.  Oxidizer 
tanks  are  frequently  made  from  stainless  steels. 

Many  special  steels  possess  high  mechanical  properties:  with 
appropriate  heat  treatment,  these  steels  can  withstand  stresses  up 
to  120  kg/mm  .  However,  the  difficulty  of  employing  such  steels  con¬ 
sists  In  the  fact  that  It  Is  difficult  to  produce  weld  seams  with 
strengths  equal  to  that  of  the  basic  material.  Furthermore,  the 
tanks  require  heat  treatment  after  welding,  and  this  Involves  con¬ 
siderable  difficulty  with  large  tank  sizes.  Finally,  such  ateele 
are  e:q>enslve. 

It  Is  necessary  to  use  readily  available  materials  In  the  de¬ 
sign  of  single-shot  ZhRD  so  as  to  lower  the  cost  of  the  entire  de¬ 
sign. 

Since  the  majority  of  combustibles  do  not  require  tanks  with 
high  corrosion  resistance,  high-strength  steels  are  normally  used 
In  their  manufacture.  In  selecting  gaskets  and  other  accessories  for 
these  tanks.  It  should  be  remembered  that  the  majority  of  combustibles 
In  use  at  the  present  time  possess  active  solvent  properties.  For 
this  reason,  plastics  are  often  used  as  the  materials  for  the  gaskets. 

By  their  nature,  all  oxidizers  are  more  or  less  aggressive 
substances  with  respect  to  many  stx*uctural  materials.  For  this  rea¬ 
son,  tanks  for  aggressive  oxidizers  must  possess  high  corrosion  re¬ 
sistance.  Moreover,  the  material  of  a  hydrogen-peroxide  tank  may  not 
contain  elements  that  catalyze  Its  deconqposltlon  (especially  copper). 
In  cases  where  liquid  oxygen,  etc.,  are  used,  the  tank  material  must 
retain  the  necessary  strength  at  low  temperatures. 

Metallic  and  nonmetalllc  materials  that  have  adequate  resistance 
to  oxidizers  and  can  be  used  for  ZhgD  tanks  are  known  at  the  present 
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Engines  operating  on  fuels  in  which  the  oxidizer  is  nitric  acid 
or  one  of  its  derivatives  have  recently  come  into  widespread  practi¬ 
cal  use  in  various  defense  and  aviation  fields.  In  this  connection, 
the  problem  of  materials  for  the  manufacture  of  ZhRD  tanks  has  be¬ 
come  an  acute  one. 

Alloy  steel  may  be  used  for  tanks  to  hold  nitric  acid  and  its 
derivatives,  nitrogen  tetroxlde,  hydrogen  peroxide,  and  tetronitro- 
methcme . 

Carbon  steels  can  also  be  used  for  hydrogen  peroxide,  provided 
that  a  coating  of  some  sort  is  used  with  them  (paint,  wax,  or  oxide 
film) . 

Stainless  steels  and  aluminum  alloys  are  useful  for  liquid- 
oxygen  and  ozone  tanks.  As  with  other  low-boiling  liquids,  the  low 
ten?)erature  of  liquid  oxygen  Imposes  certain  limitations  on  the 
selection  of  materials  for  the  tanks  as  a  result  of  the  cold-short¬ 
ness  phenomenon. 

Nickel,  copper,  aluminum,  suid  their  alloys,  and  alloy  steels 
can  be  used  for  tanks  to  hold  liquid  fluorine  and  fluorine  oxides 
and  nitrate.* 

Chromium  steels  and  aluminum  and  its  alloys  are  applicable  for 
perchloric- acid  tanks. 

SECTION  3.  DESIGN  OP  GAS  PRESSURE  ACCUMULATOR  FOR  ENGINE  FUEL- PEED 
SYSTOt 

The  gas  pressure  accumulator  (2^)  ®  bottle  with  the  appro¬ 

priate  fittings  used  to  concentrate  a  supply  of  compressed  air  or 
some  other  gas  as  necessary  to  pressva*tze  the  fuel  components  from 
the  tanks  into  the  engine's  combustion  chainber. 

*Mls^'lles  and  Rockets,  September  1957. 


The  following  problems  must  be 
solved  In  planning  and  designing 
for  fuel-supply  systems: 

1)  selection  of  the  accumulator- 
bottle  shape  and  the  working  gas  for 
the  system; 

2)  selection  of  the  Initial  gas 
pressure  In  the  bottle; 

3)  determination  of  the  gas 
tenqperature  In  the  bottle  and  In  the 
fuel  tanks  when  the  system's  opera¬ 
tion  terminates; 

4)  determination  of  the  volume 
of  the  bottle  and  the  gas  reserve 
required; 

5)  strength  calculations  for  the 
gas  accumulator  and  determination  of 
Its  weight. 

1 .  Selecting  shape  of  accxanulator  bottle  and  working  gas  for 
the  system.  The  gas  bottle  of  the  pressure  accumulator  Is  usually 
made  ppherlcal  In  shape,  since  its  weight  will  then  be  smaller  than 
a  cylindrical  bottle  under  the  same  conditions.  -Cylindrical  bottles 
with  spherical  bases  are  used  only  In  cases  In  which  the  diameter 
of  a  spherical  bottle  would  exceed  the  computed  midsection  of  the 
missile. 

Compressed-gas  bottles  are  made  from  high-strength,  hlgh-weld- 
ablllty  steels. 

Figure  10.9  shows  a  schematic  representation  of  a  fuel- feed 
system  with  0^.  The  following  symbols  have  been  adopted  for  the 


Pig.  10.9.  Illustrating  the 
design  of  gas  pressure  ac¬ 
cumulator  of  pres sure- fed 
ZJgD  fuel-feed  system. 

1)GAD;  2)  gas;  3)  pressure, 
reducer;  4)  combustible  tank; 
5)  gas;  6)  oxidizer  tank; 

7}  engine  combustion  chafer. 
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parameters  of  the  gast 

Vn  ,  0,  ,  p,  ,  and  T,.  —  the  initial  parameters  for  the  gas  in 

*  the  pressure  accumulator; 

V2o=V,  ,  Opo#  Poft*  Too  “  the  final  pareuneters  for  the  gas  in 

®  the  pressure  accumulator; 

ViB»  P2B>  Tjig  —  the  initial  parameters  in  the  fuel  tanks; 

Vpg,  Opg,  Ppg,  and  Tp-.  -  the  final  parameters  for  the  gas  in 
“  “  “  “  the  fuel  tanks; 

here,  V  is  the  volvime  of  the  gas,  0  is  its  weight,  £  is  its  pressure, 

and  T  is  the  temperature  of  the  gas. 

The  initial  gas  pressure  in  the  pressure  accumulator  is  generally 
specified  for  the  design  of  the  system  on  the  basis  of  the  following 
considerations: 

1)  an  Increase  in  the  initial  pressure  p^^^  of  a  given  volume 
of  gas  in  the  bottle  exerts  virtually  no  influence  on  the  weight  of 
the  bottle  and  reduces  its  volume  and  dimensions  (see  Pig.  10.9); 

2)  the  higher  the  smaller  will  be  the  amount  of  unused 
passive  gas  in  the  system  at  the  end  of  the  engine's  operation; 

3)  the  higher  the  more  expensive  will  it  be  to  produce 

1  kg  of  compressed  gas; 

4)  the  Pj^g^  of  the  gas  is  limited  by  the  head  developed  by  the 
fueling  facilities. 

The  maxlmvun  pressure  is  set  equal  to  230-330  atmospheres  when 
the  bottle  is  charged  with  gas  using  a  compressor,  since  raising 
the  pressure  above  these  vadues  complicates  the  design  of  the  com¬ 
pressor.  inils  consideration  is  eliminated  when  the  bottle  is  filled 
by  evaporation  of  a  liquefied  gas,  and  the  initial  pressure  of  the 
gas  in  the  bottle  may  be  made  higher  than  when  a  compressor  is  used 
for  the  charging  operation;  it  is  now  limited  by  the  feasibility  of 
fabricating  thin-walled  bottles  and  fittings  for  very  high  pressures. 
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Thus,  the  initial  gas  pressure  in  the  bottle  of  the  feed-system 
acciiraulator  is  determined  by  the  conditions  under  which  the  bottle 

O 

is  charged  and  normally  varies  between  150  and  350  kg/cm  ,  l.e.,  ex¬ 
ceeds  the  feed  pressure  Pg  by  a  factor  of  nearly  4-8. 

Normally,  the  gas  bottle  is  charged  with  conqpressed  gas  before 
starting  through  a  charging  stopcock  the  design  of  which  makes  it 
possible  to  release  pressure  manually  if  the  necessity  arises.  The 
pressure  is  monitored  from  a  gatige.  A  safety  valve  which  releases 
the  air  into  the  atmosphere  is  usually  Installed  in  the  main  line 
to  protect  the  tubing  from  elevated  pressures. 

The  gas  is  almost  invariably  throttled  down  through  a  pressure 
reducer  to  the  feed  pressure  Pg  on  its  way  from  the  bottle  into  the 
fuel  tank.  A  relatively  cheap  throttling  disk  may  also  be  used  for 
this  purpose,  but  it  will  not  gviarantee  constancy  of  the  feed  pres¬ 
sure  (Pig.  10.10). 

The  gas-pressure  regulator  holds  the  feid  of  the  fuel  components 
from  the  tanks  into  the  combustion  chamber  at  a  constant  level  and, 
consequently,  also  holds  the  engine's  operating  regime  constant. 

In  the  calculations,  the  gas  pressure  in  the  bottle  at  the  end 
of  the  system's  operation  is  assumed  equal  to* 

P*i-P«+Ap,...  **  (10.10) 

p 

where  *  5  to  10  kg/cm  is  the  minimum  required  gas  pressure 

gradient  in  the  pressure  reducer  that  guarantees  normal  operation 
of  the  latter  during  the  last  few  seconds  of  the  engine's  operation. 

2.  Selection  of  initial  gas  pressure  in  bottle.  Air,  nitrogen, 
helium,  or  carbon  dioxide  may  be  used  as  the  working  compressed  gas 
in  the  system.  Selection  of  the  type  of  gas  for  a  gas-bottle  fuel- 

*a,B.  Sinyarev  and  M.V.  Dobrovol ' skly .  Zhidkos tnyye  raketnyye  dviga- 
tell  (Liquid-fuel  rocket  engines),  Oboronglz,  1950. 

**[ Subscript;  pen  »  red  =  reduktor  =  reducer.] 
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cumulator,  pressure  after  reducer,  and  pres¬ 
sure  p^  after  throttling  disk  as  functions  of 

operating  time  of  fuel-feed  system.*  1)  Qas 
pressure  in  kg/cm^;  2)  operating  time  of  fuel- 
feed  system,  in  sec. 

feed  system  depends  on  the  nature  of  the  fuel  components,  ten5)era- 
ture,  the  solubility  of  the  gas  in  them,  and  other  factors. 

As  a  relatively  cheap  material  that  is  always  available  in 
sufficient  quantity,  congjressed  air  is  frequently  used  in  contempo¬ 
rary  systems.  Nitrogen  is  en?)loyed  in  cases  in  which  the  fuel  com¬ 
ponents  may  enter  chemical  reactions  with  air  and  disrupt  normal 
fuel  feed. 

Helium  may  be  used  when  it  is  necessary  to  pressure-feed  lique¬ 
fied  fuel  components  at  such  low  temperatures  that  air  or  nitrogen 
would  be  capable  of  condensing  and  dissolving  in  the  cold  liquid  on 
contact  with  it.  A  further  advantage  of  helium  over  other  gases  con¬ 
sists  in  the  fact  that  it  has  smaller  molecular  and  specific  weights. 
As  a  result,  the  weight  of  helium  necessary  to  displace  1  m^  of 
liquid  will,  all  other  conditions  equal,  be  little  more  than  1/7 

JSubscripts :  a  »  a  =  akkumulyator  »  accumulator;  E  »  B  «  Bak  - 
=  Tank;  6-  b  (unidentified  in  text  —  Trans.).] 
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of  the  corresponding  weight  of  nitrogen.  Moreover,  when  helium  la 
throttled  through  the  reducer.  Its  temperature  rises  (in  contrast 
to  the  situation  With  air  and  nitrogen) ,  reducing  the  necessary 
weight  of  pressurizing  gas  still  further. 

More  compressed  gas  Is  required  to  displace  cold  liquefied  fuel 
components  than  for  displacement  of  the  same  quantity  of  nonllquefled 
liquid  component  at  normal  tengjerature;  this  Is  accounted  for  by 
cooling  of  the  gas  In  the  tanks.  For  example,  approximately  2.5 
times  the  eunovint  of  nitrogen  Is  required  to  feed  liquid  oxygen  thaui 
to  feed  the  same  quantity  of  nitric  acid  or  kerosene. 

3.  Determination  of  gas  tenqperature  In  bottle  and  In  fuel  tanks 
at  end  of  system* s  operation.  As  the  gas  flows  from  the  bottle  Into 
the  fuel  tanks,  the  gas  remaining  In  the  bottle  expands  with  a  de¬ 
cline  In  temperature  and  an  Influx  of  heat  from  the  warmer  walls  of 
the  bottle.  Since  this  Influx  of  heat  Is  Insignificant,  however,  the 
gas  temperature  In  the  bottle  shows  a  net  decline,  l.e.,  the  gas  In 
the  bottle  undergoes  polytropic  expansion  with  an  exponent  n  smaller 
than  that  for  adiabatic  expansion  of  the  gas  (1  <  n  <  k). 

Since  It  Is  Impossible  to  estimate  the  value  of  n  exactly,  It 
Is  customary  to  make  the  calculations  for  a  system  with  a  gas  pres¬ 
sure  accumulator  on  the  basis  of  the  ratio  of  specific  heats  k.  Con¬ 
sequently,  the  gas  temperature  In  the  bottle  at  the  end  of  the  sys¬ 
tem's  operation  will  be  determined  from  the  adlabatlc-expanslon 
equation  for  the  gas  In  the  system; 

izL  »-» 

-7-^^  •  -  V,-K.  (10.11) 

The  temperature  of  nitrogen  declines  somewhat  on  throttling, 
while  that  of  helium  rises  slightly.  The  throttled  gas  Is  heated 
slightly  In  the  fuel  tanks  as  a  result  of  the  higher  temperature  of 
the  tank  walls  and  the  liquid  fuel  coDq>onent  In  It. 
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It  is  difficult  to  make  a  theoretical  allowance  for  the  varia¬ 
tion  of  the  gas  temperature  in  the  fuel  tanks  because  of  the  inade¬ 
quate  study  that  has  been  devoted  to  the  heat- exchange  process  in 
the  system.  The  temperature  of  the  gas  in  the  bottle  and  in  the  fuel 
tanks  at  the  end  of  the  system's  operation  is  determined  from  the 
equation  of  conservation  of  the  energy  of  the  gas  in  the  system, 
with  the  condition  that  it  expands  adlabatically  (see  Fig.  10.9): 


=  Ug  +  AL 


(10.12) 


or 


(10.13) 

where  =  ^la^via^la  internal  energy  of  the 

gas  in  the  bottle  and  in  the  fuel  tanks  before  the  system  goes  into 

operation;  Ug  =  ®2a^''^2a^2a  ■*"  ®2B^^2B^2B 

of  the  system's  operation;  A  =  1/427  is  the  heat  equivalent  of  the 
mechanical  work  in  kcal/kg-m; 


^|5 

/,  =»  rf V'b  — /»ii  ( V'jB  —  K,b)  =Pn V ,6  —PisV ,B  -  G„Rn Tn  “ 

,  '*  —  G,B/?iB^iBi  ^8  the  mechanical  work  expended  in  dis¬ 

placing  the  fuel  components  from  the  tanks  to  the  engine's  chamber 
with  pj^  =  Pgg  =  Pg  =  const;  +  Og^  is  the  weight 

of  the  gas  in  the  fuel  tanks  at  the  end  of  the  system's  operation; 
it  is  obtained  from  the  equation  of  the  weight  balance  of  the  gas 
in  the  system,  ®la  ®1B  ®2a* 


_ 


-g~  Ritf 1*  — r*  Pu 


since  Vgj^  «  V-^a,  “  ^a  follows  from  the  equation  of  state  of 

the  gas  in  the  bottle  before  the  system  goes  into  operation  that 

Pla^la  “  ®la**la^la  ^la^la^la  “  ^la^Pla* 
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Substituting  the  resulting  expression  for 
L  in  Equation  (10.13) j  assuming  (without  incurring  a  large  error) 
in  the  calculations  that  the  respective  heat  capacities  and  con¬ 
stants  R  of  the  gas  are  equal  during  the  system's  operation  and  ^ 
that  p^g  =  Pgg  =  const  (gas- pressure  reducer  Installed  in  the  system, 
see  Pig.  10.10),  and  remembering  the  familiar  expression  AR/Cy  = 

=  k-1,  we  obtain  the  final  equation  for  determination  of  the  gas 
ten^erature  in  the  fuel  tanks  at  the  end  of  the  system's  operation: 


,  Ol  J*!*  (^  ~  ^)  +  •i^ 


(10.14) 


Disregarding  (again,  without  incurring  any  significant  error 
in  the  calculations)  the  insignificantly  small  quantity  in  this 
equation,  we  obtain 


(10.15) 


where  Cg  is  a  coefficient  taken  from  Table  10.1. 

If  special  provision  is  made  for  preheating  the  gas  in  the 
system, 

T  —7*  (10.16) 


Where  q^^  is  the  unit  heat  supply  to  the  gas  in  kcal/kg  and  Cp  is 
the  heat  capacity  of  the  gas  at  constant  pressure  in  kcal/kg  °C. 


TABLE  10.1. 

Values  of  Coefficients  and  Cg  as  Functions  of  Pij^/P2® 
for  k  =  1.33. 


10 

0.5 

‘  7 

0,0 

4 

0 

2 

C, 

o.se 

0.00 

0,01 

0,65 

0,70 

0,76 

0.84 

Ct 

0,75 

0,77 

0.00 

0.83 

0.07 

0,68 

0,00 

If  we  take  Into  account  the  change  in  the  temperature  of  the  air 
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during  the  throttling  process,  Cg  will  be  slightly  smaller  than  the 
tabulated  values,  or.  In  the  case  of  helium,  slightly  larger.  For 
purposes  of  calculation,  the  value  of  Cg  must  be  Increased  by  10^ 
over  the  tabulated  values. 

4.  DetenglAatlon  of  full  capacity  and  required  gas  reserve.  In 
designing  a  gas-bottle  fuel-feed  system.  It  Is  necessary  to  determine 
the  capacity  of  the  bottle  and  the  load  of  coir5)ressed  gas  required 
to  displace  the  fuel  components  from  the  tanks  Into  the  err^lne's  com¬ 
bustion  chamber  vinder  a  pressure  Pg. 

The  Initial  data  used  hare  are: 

1)  the  total  capacities  of  the  combustible  and  oxidizer  tanks; 

2)  the  feed  pressure  of  the  components,  l.e.,  the  pressure  In 
the  fuel  tanks; 

3)  the  nature  of  the  working  gas  and  Its  Initial  parameters 
—  pressure  and  ten?)erature. 

The  capacity  required  In  the  pressure-accumulator  gas  bottle 
may  be  determined  using  Equation  (10.13)  If  we  make  the  substitu¬ 
tion  OT  «  pv/R.  With  this  condition,  the  above  energy  equation  takes 
the  form 

(10.17) 

For  constant  feed  pressure  (with  p^^g  =  Pgg  =  const),  this 
equation  Is  reduced  to  the  form 


(10.18) 

from  which,  applying  the  e3q)res8lons  AR/C^  =  k-1  and  Pg^  «  Pla*^ 
obtain 

'•  PU-PH  Puil-X) 

Disregarding  the  Insignificant  quantity  In  this  equation 


with  the  object  of  simplifying  the  calculations  and  Introducing 
the  symbols  =  p^^,  «  Pg,  and  Vgg  =  Vg,  we  finally 

obtain  an  expression  for  determining  the  capacity  of  the  pressure- 
accumulator  gas  bottle: 

V  (10.20) 

This  e:q>resslon  Is  also  suitable  for  determining  for  variable 
fuel-tank  pressures  If  we  make  the  substitution 


Q.B.  Slnyarev  and  M.V.  Dobrovol ' skly  give  another  expression 
for  determination  of  which  they  derive  as  follows. 

The  weight  of  gas  In  the  bottle  at  the  end  of  the  system's  opera¬ 
tion  Is  determined  from  the  equation  of  the  weight  balance  of  the 
gas  before  and  after  operation  of  the  system: 

4"  On  "  On + On, 

1  .•SfO(,""On+On— Oni 

where  =  Pia^la'^'^la^la  weight  of  the  gas  In  the  bottle  at 

the  beginning  of  the  system's  operation;  =  PlB^lB'^^lB^lB 

same  for  the  fuel  tanks,  and  Ggg  =  P2b^2B^R2B^2B  “  P2B^2B^^2B^la^2 
Is  the  weight  of  the  gas  In  the  fuel  tanks  at  the  end  of  the  system's 
operation. 

On  substitution  of  the  e:q)ressions  for  G^g,  and  Ggg  in 

the  original  equation  of  the  weight  balance,  we  obtain 
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from  which,  after  cancelling  the  R  (assuming  that  the  gas  constant 
of  the  gas  In  the  system  does  not  vary)  and  other  manipulations, 
we  obtain 


I 


PuCi~-pu  _ 
Assuming,  as  above,  that  ^1. 


^a>  »la  =  Pa'  Pffi  =  Pfi'  ^2B  * 

=  Vg,  we  finally  obtain  the  desired 

form  of  the  equation  for  determining 

the  capacity  of  the  gas  bottle: 

(10.21) 

The  above  equations  Indicate 
that  the  capacity  of  the  pressiire- 
accumulator  gas  bottle  Is  directly 
proportional  to  the  feed  pressure 
and  the  fuel- tank  capacity. 

Knowing  the  capacity  of  the  gas 
bottle  and  the  Initial  pressure  In 
It,  we  may  determine  the  amount  of 


Fig.  10.11.  Schematic  diagram 
of  pressure-fed  fuel- feed 
system  with  pz*eheatlng  of 
compressed  air.  1)  Conqpressed- 
alr  bottle;  2)  starter  valve 
with  outer  cartridge;  3)  pres¬ 
sure  reducer;  4)  throttling 
disk;  3)  small  combustible 
tank;  6)  preheating  chamber; 

7)  firing  plug;  8)  combustible 
tank;  9)  oxidizer  tank;  10) 
cutoff  valves;  11)  throttling 
disks . 


gas  necessary  for  the  system's  opera¬ 
tion  by  applying  the  equation; of  o 
state,  l.e.. 


Substituting 

«  T^,  and  In  this  equa¬ 

tion,  we  finally  obtain  [applying 
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Equation  (10.20)] 


(10.22) 


Since  theoretical  evaluation  of  the  heat  exchange  that  takes 
place  in  the  fuel-feed  system  is  extremely  difficult  and  can  be 
done  only  approximately^  it  is  recommended  that  the  theoretically 
required  weight  0  of  gas  be  increased  by  55^  to  allow  for  errors  in 

O 

the  calculations  and  ensure  normal  delivery  of  fuel  components  into 
the  chamber. 

If  a  special  provision  is  made  in  the  system  to  preheat  the 
gas  (Pig.  10.11),  the  required  quantity  of  gas  will  be  determined 
as  follows. 

If  we  disregard  the  small  quantity  (to  simplify  the  deriva¬ 
tion),  the  equation  of  the  weight  balance  for  the  gas  In  the  system 


takes  the  form 


Substituting  the  expressions  for  ®2fi  * 

PogV  gg 

~  In  this  equation,  with  the  subsequent  substitution 
«2B^2B 

\-x  ^ 


we  obtain  finally 


jl  i—x  fn 
*  I  —  ’’’c^  ’ 


_ _ *^26^86 _ 

(1-*) + (*-i)  5^ 


or,  using  our  adopted  symbols 


(I  -  jr)  +  (*  - 1)  (1  -  Jt*'*) 


(10.23) 


where  q^^  is  the  specific  amount  of  heat  supplied  to  the  gas  in 
kcal/kg. 

This  equation  indicates  that  special  preheating  of  the  gas  in 
the  fuel- feed  system  reduces  the  quantity  of  this  gas  that  must  be 


stored  and,  consequently,  the  weight  of  the  bottle  to  hold  it.  For 
=  0,  as  may  be  assumed  in  approximation  for  a  VAD*  with  pre¬ 
heating  of  the  air,  this  equation  becomes  identical  to  Equation 
(10.22). 

In  practice,  the  air  may  be  preheated  in  a  special  heat  ex¬ 
changer,  making  use  of  the  heat  of  products  of  combustion  taken  from 
the  engine  chamber;  however,  preheating  in  this  manner  is  rendered 
inefficient  by  the  considerable  weight  and  design  complexity  of  the 
heat  exchanger.  When  the  air  is  preheated  in  a  special  preheater  by 
using  the.  heat  of  a  small  quantity  of  Ignited  combustible  in  the  air 
stream,  the  preheater  becomes  simple  in  design  and  lightweight,  per¬ 
mitting  use  of  a  simple  system  to  control  the  temperature  of  the  gas. 

If  the  gas  tenqperature  in  the  fuel  tanks  is  maintained  constant 
by  some  device  (Tj^g  =  Tgg  =  Tg  =  const),  we  obtain  the  following 
values : 


1)  required  gas  charge  in  accumulator: 


(10.24) 


2)  the  amount  of  heat  that  must  be  supplied  to  a  unit  weight 
of  the  gas: 


Where  OpQ^**  is  the  specific  loss  of  heat  in  the  system. 

Knowing  the  heating  value  of  the  combustible,  we  can  deter¬ 
mine  its  specific  flow  (for  1  kg  of  gas): 

(10-26) 

Where  <Pp  *  0.90  to  0.95  is  the  theoretical- to- ideal  correction  factor 

^TSaJL  “  VAD  =  Vozdushnyy  Akkuraulyator  Davlenlya  »  (Compressed-) 

Air  Pressiire  Accumulator.] 

**^%0T  “  S>ot  “  '  poterya  “  ‘^loss*^ 

♦♦♦[Subscripts:  ya  ■  ud  ■  udel'nyy  ■  specific;  r  »  g  »  goryucheye  ■ 
s  conibustlble ;  n  ^  p  »  poinota  «  completeness.] 
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for  bvirhlng  of  the  combustible  in  the  air  of  the  preheater. 

In  the  fuel-feed  system,  the  hot  gases  lose  part  of  their  heat 
by  heating  the  metal  walls  of  the  system  and  the  liquid  in  the  tanks. 
If  powder-generated  gases  are  used,  some  of  them  burn  to  completion 
with  evolution  of  heat  (the  gases  Hg  and  CO  are  oxidized),  the  com¬ 
bustion  being  supported  by  the  oxygen  in  the  fuel- tank  air  cushion 
and  the  oxygen  in  the  fuel  component. 

The  nature  of  these  processes  is  influenced  by: 

1)  the  chemical  and  physical  properties  of  the  hot  gas; 

2)  the  design  of  the  fuel-feed  system; 

3)  the  volume  of  the  air  cushions  in  the  tanks; 

4)  the  physicochemical  properties  and  the  temperature  of  the 
fuel  conponents  dlspiaaed  from  the  tanks  into  the  engine  chamber; 

3)  the  feed  pressure  and  feed  time  of  the  fuel  components. 

It  is  impossible  in  practice  to  take  these  processes  into 
account  quantitatively.  For  this  reason,  the  design  of  a  pressure- 
fed  feed  system  using  hot  gases  usually  takes  the  effect  of  the  above 
processes  into  account  by  using  an  over-all  heat-utilization  factor 
^tepji*  value  of  which  may  be  established  by 

experiment . 

In  the  calculations,  the  thermal  efficiency  of  a  preheated- gas 
system  may  be  set  equal  to 

’Um* — *0,3—0, 4. 

Since  q^^  -  Expression  (10.26)  for  ^  may  be 

given  the  fonn 


(10.27) 


The  necessai^y  pressure-accumulator  gas-bottle  capacity  may, 
*lsuDscrlpt ;  Ten ji  ■  tepl  ■  teplota  «  heat .  ] 


-707- 


provided  that  the  gas  constant  R  In  the  preheater  does  not  vary, 
be  determined  by  the  formula 

QJiJ»  _  P%  r«  y% 


V'.- 


(10.28) 


5.  Strength  calculation  for  gas  pressure  accumulator  and  deter¬ 
mination  of  Its  weight.  The  strength  and  weight  characteristics  of 
a  spherical  gas  pressure  acctimulator  are  determined  by  the  formulas: 

1)  wall  thickness  of  bottle: 

ft  -  Pi4iP»  .  ■ 

•  (10.29) 

2)  dry  weight  of  accumulator 


•  2 

or,  after  substitution  of  V_  by  the  eaqjresslon  used  previously, 

a 


G  —  ^  **»>*b*^b”« 

“  2  (1-Jr).*,/T« 


(10.30) 


Where  n^^  *1.5  to  2.5  Is  the  strength  safety  margin  of  the  material 
of  the  gas  bottle,  which  depends  on  the  properties  of  the  material 
and  the  way  In  which  It  Is  used,  and  e  »  1.2  to  1.5  Is  the  encum- 

ft 

brance  factor  of  the  gas  bottle,  which  takes  into  account  the  weight 
of  Its  fittings,  attachments,  etc;  In  the  case  of  a  cylindrical 
bottle,  £  also  Includes  consideration  of  the  bottle's  bases  and 

ft 

may  be  as  large  as  1.5-2. 5. 

The  weal  thickness  of  a  cylindrical  gas  bottle  and  the  dry 

weight  of  the  pressure  accumulator  are  then  determined  by  the  same 

formulas  as  used  for  cylindrical  fuel  tanks. 

Since  the  accumulator  bottle  must  wlthstemd  high  gas  pressures. 

It  must  be  meuitifactured  to  a  high  degree  of  perfection. 

The  total  weight  of  the  pressure  accumulator  consists  of  the 

weight  of  the  compressed  gas  and  the  weight  of  the  bottle  for 

•[Subscript:  aK  =  ak  -  akkumulyator  -  accumulator.] 
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this  gas,  l.e.. 


®ak* 

The  specific  weight  of  a  spherical  pressure  accumulator,  l.e., 
the  weight  per  one  liter  capacity  of  the  tanks  for  the  basic  fuel 
components.  Is  determined  by  the  formulas: 

1)  without  preheating  of  the  gas  In  the  system  (e.g.,  in  the 
case  of  a  V^-l) 


trin 


•tp^ 


^^.0 ■  2 
8  itHt 


2)  with  a  special  gas  preheater  present  In  the  system  (e.g.. 
In  the  base  of  the  yAD-2) 


(10.31) 


(10.32) 


In  the  case  of  a  special  gas  preheater  in  the  system,  the 
weight  of  the  fuel  with  its  "canister”  and  the  weight  of  the  pre¬ 
heater  can  be  taken  Into  account  by  increasing  the  encumbrance  factor 
e.  of  the  pressure  accumulator. 

The  weight  of  the  fuel-feed  system  Is  composed  of  the  weight 
®GAD  pressure  accumulator  and  the  weight  of  the  cylindri¬ 

cal  main  fuel  tanks,  l.e.. 


(10.33) 

The  specific  weight  of  a  pressure-fed  fuel-feed  system  with 
a  gas  pressure  accumulator  is: 

l)  without  special  preheating  of  the  gas  In  the  system 


3  •»•/!«.« 

2)  with  special  preheating  of  the  gas  In  the  system, 

-r  — xr_f  ,  »  «i»«i 


2  *•  t/TiM 
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Pig.  10.12.  Specific  weight  of  pressure-fed  fuel- 
feed  system  using  different  energy  sources  as  a 
function  of  the  strength  properties  of  the  tanks, 
feed  pressure,  and  other  factors.  1)  VAD-1; 

2)  ZhAD  with  Rj^Tj^  =  10,000  kg-Vkg;  3)  ZhAD  with 
Rj^Tj^  =  25,000  kg-nv'kg  and  VAI)-2  with  air  pre¬ 
heated  to  325°C;  4)  with  Rj^Tj^  =  50,000  kg-nv/kg; 

5)  with  =  75# 000  kg-n/kg;  6)  fuel  tanks 
taken  alone.  A)  kg/llter;  B)  p„,  atm  abs. 

S  •P  J3 


Figure  10.12  shows  the  specific-weight  curve  of  a  feed  system 
with  a  Y^-1  as  a  function  of  the  pressure  In  the  fuel  tanks,  as  com¬ 
puted  by  Formula  (10.34)  for  p_  =  325  atmospheres,  T_  =  293°K, 

Rg  =  29.27  kg-m/kg  °0j  k  .  1.4j  .  1.7!  =  1.4;  . 

*  110  kg/nm^i  .  1.7;  Hg  -  2.5:  -  7900  kg/m^.  The 

same  figure  shows  the  curve  of  ^  as  a  function  of  p.,,  in  a  feed 

5  •P  13 

system  with  a  yAD-2  for  a  fuel-tank  air  temperature  =  600°K  and 
Hyg  =  10,250  kcal/kg;  9p  =  0.94;  =  0.4;  =  3  (the  fuel-tank 

strength  Is  lowered  as  a  result  of  heating,  and  this  Is  taken  Into 
account  by  raising  the  strength  margin  from  2.5  to  3)  and  other  data. 

The  pressure-fed  fuel-feed  system  using  a  Is  single  and 
dependable  In  operation,  and  has  therefore  been  used  both  In 
and  In  experimental  test-stand  Installations. 


iii>mTii  . . — ^11'  iifr^T"*****”* 


A  major  deficiency  of  the  y AD- equipped  pressure-fed  fuel-feed 
system  consists  In  the  heavy  fuel  tanks  and  gas  bottle.  Thus,  for 
example,  about  50.  kg  of  compressed  air  at  300  atm  abs  Is  required 
to  feed  1  m^  of  fuel  from  the  tanks  to  the  engine  chamber  with  a 
tank  pressure  of  35-45  kg/cm^.  A  bottle  with  a  capacity  of  150  liters 
is  required  to  hold  this  air  on  board  the  missile.  A  steel  spheri¬ 
cal  bottle  of  this  type  weighs  about  150  kg  and  has  a  dieuneter  of 
680  ram. 

This  makes  perfectly  natural  the  tendency  of  designers  to  use 
solid  or  liquid  substances  with  relatively  low  specific  weights  and 
high  combustion-product  temperatures  as  the  working  bodies  in  pres¬ 
sure  accumulators.  One  of  the  systems  for  producing  a  high-tempera¬ 
ture  gas  from  a  condensed  solid  substance  is  the  use  of  a  powder 
[solid-propellant]  pressure  accumulator  for  the  fuel-feed  system. 

SECTION  4.  DESIGN  OP  POWDER  PRESSURE  ACCUMULATOR  FOR  ENGINE  FUEL- 
FEED  SYSTEM 

The  powder  pressure  accumulator  (P^)  is  an  apparatus  which 
generates  a  hot  gas  in  the  form  of  the  products  of  combustion  of  a 
powder  in  a  special  chamber  as  necessary  to  displace  the  fuel  com^ 
ponents  from  the  tanks  to  the  engine's  combustion  chamber. 

PAD  are  classified  on  the  basis  of  the  powder-gas  pressure  in 
the  chamber  as  subcrltlcal  types  without  and  hypercritical  types 
with  a  nozzle  to  reduce  the  gas  pressure  to  the  feed  pressure  in 
the  tanks.  The  pressure  in  a  hypercritical  P^  reaches  200-250  atm 
abs. 

Zh^  normally  employ  subcrltlcal  P^,  since  they  have  superior 
weight  characteristics  and  generate  a  gas  with  a  lower  tenqperature. 
The  gas  pressure  in  the  chamber  of  this  P^  is  almost  equal  to  the 
feed  pressure  in  the  tanks  and  is  held  constant  in  the  system  by  a 
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pressure-relief  valve. 

Normally,  employ  smokeless  powder  In  armored  caps  having  a 
constant  combustion  area  and  burning  from  one  or  both  ends.  The 
powder  used  in  the  PAD  should  burn  steadily  at  low  temperatures  and 
moderate  pressures.  The  caps  are  Installed  in  a  thick-walled  chamber 
from  which  the  powder  gases  escape  through  a  nozzle  into  the  fuel 
tanks.  A  special  ignition  charge  of  fine  type  DRP  smokeless  powder 
ignited  electrically  is  generally  used  to  fire  the  main  powder  charge 
in  starting  the  engine. 

The  end  combustion  surface  of  the  main  powder  charge  may  be 
specially  channeled  or  fluted  to  reduce  the  weight  of  the  starting 
powder  chjucge.  This  enlarges  the  combustion  surface  of  the  basic 
powder  charge  while  the  engine  is  coming  up  to  thrust  and,  conse¬ 
quently,  also  Increases  the  amount  of  powder  gas  formed  per  unit 
time.  The  result  is  that  the  starting  powder  ch6U?ge  can  be  reduced 
by  40-6ojt  and  the  weight  of  the  canister  for  it  by  15-305^.  Here,  the 
length  of  the  basic  powder  charge  increases  only  insignificantly, 
without  affecting  the  dimensions  of  the  basic  P^  chamber. 

A  special  reflector  (screen)  is  Installed  in  each  fuel  tank 
at  the  powder-gas  inlet,  so  that  the  Jet  of  hot  gas  will  not  strike 
the  sxtt’face  of  the  liquid  in  the  tank  and  roil  it  during  the  early 
phase  of  the  system's  operation,  or  undergo  significant  cooling. 

In  the  absence  of  such  a  screen,  the  volume  of  the  hot  gas  entering 
the  tank  will  be  considerably  smaller,  with  the  result  that  a  large 
quantity  of  it  will  be  required  to  pressurize  the  specified  quan¬ 
tities  of  fuel  conqponents  from  the  tanks  into  the  combustion  chamber, 
vrhen  the  hot-gas  input  vinit  is  unsuccessfully  designed,  the  time  re¬ 
quired  for  the  engine  to  come  up  to  thrust  may  Increase  and  the 
weight  of  the  working  body  generating  the  gas  will  be  relatively  high. 
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The  principal  advantages  of  the  PAD  over  the  VAD  consist  in  the 
compactness  of  its  design  and  the  lower  specific  weight  resulting 
from  the  relatively  small  volume  of  the  quantity  of  powder  required. 

The  has  a  shortcoming  in  the  fact  that  the  majority  of 
powders  bum  steadily  only  at  rather  high  chamber  pressures  (over 
40-50  atm  abs),  while  the  combustion  rate  and  hence  the  rate  of 
gas  evolution  depend  heavily  on  the  temperature  at  which  combustion 
begins,  l.e.,  on  the  external  atmospheric  conditions.  Moreover,  the 
heat  losses  of  the  powder  gases  in  the  fuel  tanks  and,  consequently, 
the  temperature  of  the  gases  vary  over  time  and  are  functions  of 
the  fluctuations  of  the  component  surface  area  during  the  missile's 
flight. 

The  powder  gases  in  the  system  cool  from  2300-3300  to  700- 
900°C  as  a  result  of  dissipation  of  heat  into  the  surrounding  medium 
through  the  walls  of  the  combustion  chamber,  pipelines,  and  fuel  tanks, 
as  well  as  to  the  liquid  fuel  components.  With  the  objective  of  re¬ 
ducing  heat  losses  into  the  surrounding  medium,  engine  designers 
usually  make  an  effort  to  shorten  the  powder-gas  lines. 

To  protect  fuel-tank  upper  bulkheads  from  the  action  of  the  high- 
temperature  powder  gases,  they  may  be  fitted  with  screening  in  the 
form  of  a  thin-walled  metal  tube,  as  in  the  case  of  the  combustion- 
chamber  screen  of  the  English  launching  booster  "Super  Sprite."  The 
most  severe  thermal  stresses  arise  at  the  tops  of  the  tanks,  at 
the  end  into  which  the  hot  gases  are  fed.  The  temperature  in  the 
oxidizer  tank  is  usually  higher  than  in  the  fuel  tank  as  a  result 
of  completion  of  powder-gas  combustion  within  them  (H,  CO,  etc.). 

As  a  result  of  the  impossibility  of  making  an  exact  allowance 
for  the  heat  losses  from  the  gas  into  the  environment,  the  design 
of  a  P^-equlpped  fuel-feed  system  can  be  only  approximate  in  practice. 
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It  Is  sometimes  convenient  to  equip  each  of  a  group  of  tandem 
fuel  tanks  with  an  Individual  powder  pressure  accumulator. 

The  use  of  Inslde-tank  pressure  accumulators  Is  the  result  of 
efforts  to  reduce  their  weight  and  the  heat  losses  from  the  powder 
gases  Into  the  environment,  as  well  as  to  solve  the  problem  of  cool¬ 
ing  the  accumulator  In  cases  In  which  the  engine  operates  for  a  long 
period.  However,  In  cases  where  corrosive  fuel  components  are  used, 
an  Inslde-tank  sol Id-prop ell ant  pressure  accumulator  must  be  made 
from  acid-resistant  and,  consequently,  more  expensive  steels.  Further¬ 
more,  Installation  of  the  accumulator  Inside  the  tank  Is  a  relatively 
conplex  Job. 

If  the  engine  burns  longer  than  30-40  sec,  the  combustion 
chamber  must  be  cooled  by  one  of  the  fuel  components  that  Is  not 
used  to  cool  the  engine  chamber.  The  slight  drop  that  occurs  In  the 
pressure  of  the  coirponents  In  the  accumulator's  cooling  system  Is 
of  no  essential  Irrportance,  since  It  Is  frequently  necessary  to  re¬ 
duce  this  pressure  to  conform  to  the  pressure  of  the  conponent  with 
which  the  engine  chamber  Is  cooled  by  Installing  a  throttling  disk 
In  Its  main  pipeline.  The  heat  tedcen  from  the  solld-propellant  com¬ 
bustion  chamber  of  the  accumulator  by  the  coolant  fuel  conponent 
(heating  of  the  latter)  must  be  taken  Into  account  In  the  thermo¬ 
dynamic  calculations  for  the  engine  and  In  the  design  of  the  combus¬ 
tion-chamber  atomizing  head. 

The  following  special  requirements  are  set  forth  for  any  form 
of  the  PAD-equlpped  feed  system; 

1)  slnpllclty  of  design  and  low  specific  weight; 

2)  convenience  In  cooling  the  P^  chamber  with  one  of  the  fuel 
components; 

3)  slnple  and  dependable  actuation  of  the 
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4)  the  shortest  possible  gas-line  length; 

5)  coincidence  (or  minor  noncoincidence)  of  the  feed-system 
center  of  gravity  with  the  pressure  center  of  the  missile  during 
flight; 

6)  uniform  displacement  of  the  fuel  components  from  the  tanks, 
even  through  the  vibrations  and  overloads  that  are  possible  in  flight 
and  through  fluctuations  in  the  ambient  temperature. 

In  the  general  case,  the  P^-equlpped  fuel-feed  system  may  con¬ 
sist  of  the  following  principal  elements  (see  Pig.  10.2): 

1)  the  main  chamber,  in  which  the  main  powder  charge  is 
stored  and  burned; 

2)  an  actuating  chamber  equipped  with  a  nozzle;  this  holds  the 
actuating  powder  charge  for  combustion  when  the  engine  is  started 
(its  function  is  to  ignite  the  main  powder  charge  and  fill  the  free 
volumes  of  the  tanks  and  pipelines  with  powder  gases  quickly); 

3)  a  constant-pressure  powder-gas  valve  in  the  feed  system;  this 
functions  to  release  excess  quantities  of  the  powder  gas  formed  into 
the  surrounding  medium; 

4)  nonreturn  valves,  which  function  to  prevent  one  of  the  fuel 
conponents  from  getting  into  the  other's  tank  through  the  main 
chamber; 

5)  the  pipelines  along  which  the  powder  gas  is  fed  into  the 
fuel  tanks; 

6)  burst  diaphragms  and  other  small  elements. 

Some  of  the  P^  elements  listed  above  may  be  lacking  (e.g.,  the 
additional  powder  chaniber  for  the  initiating  powder,  the  nonreturn 
valves,  the  device  for  forced  bursting  of  the  diaphragms,  etc.),  de¬ 
pending  on  the  type  of  the  fuel  components  used,  the  layout  of  the 
feed  system,  and  other  factors.  In  the  absence  of  the  additional 
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chairiber,  its  functions  are  performed  by  an  actuating  charge  placed 
directly  In  the  main  chamber  of  the  PAD. 

Various  schemes  are  t  <sslble  for  the  adaptation  of  the  gas- 
powder  fuel-feed  system  In  accordance  with  the  weight  and  operational 
characteristics  of  the  engine  and  the  design  features  of  the  missile 
as  a  whole. 

For  feed  systems  designed  for  prolonged  operation.  It  Is  ad¬ 
visable  to  place  the  gas  tubes  Inside  the  fuel  tanks  and  cool  them 
with  the  fuel  con5)onents.  Qas  tubes  situated  outside  the  temks  for 
cooling  by  the  combustible  or  the  oxidizer  are  complex  to  manufacture 
and  use  and  have  relatively  high  weights  per  unit  length. 

The  following  problems  are  solved  In  designing  and  making  the 
calculations  for  a  PAD; 

1)  selection  of  the  accumulator's  design  layout  and  the  type  of 
powder  to  be  used  In  It; 

2)  calculation  of  the  necessary  weight,  maximum  surface,  and 
length  of  the  powder  caps; 

3)  determination  of  the  geometrical  dimensions  and  weight  of 
the  accumulator  design; 

4)  selection  and  design  of  the  fittings  and  connecting  and 
other  elements  of  the  pressure  accumulator. 

For  normal  operations  of  a  fuel-feed  system  with  a  P^,  it  Is 
necessary  that 

1)  the  per-second  volume  flow  rate  Vgg  =  ^sp^^'^g  B  powder 

gases  formed  In  the  combustion  chamber  of  the  P^  and  entering  the 
fuel  tanks  under  a  pressure  p^  be  equal  to  the  per-second  volume 
flow  rate  of  the  fuel  in  the  engine's  combustion  chamber,  - 

2)  the  combustion  time  t  of  the  powder  charge  be  equal  to  the 

sg 
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engine ‘s  operating  time 

Here,  =  Pg/R^Tg  is  the  specific  gravity  of  the  powder  gases 
in  the  fuel  tauiks. 

To  obtain  the  necessary  weight  of  powder  gases  at  the  specified 
pressure,  the  powder  charge  must  have  a  certain  definite  combustion 
surface,  euid  the  powder-cap  lengths  must  correspond  to  the  specified 
operating  time  of  the  engine. 

Since  the  specific  weight  of  the  powder  is  a  constant  quantity 
(Vp  =  1.4  to  1.7  g/cm^),  the  quantity  of  gas  formed  will  depend  on 
the  velocity  and  combustion  area  of  the  powder. 

For  linlform  combustion  of  the  powder  charge  over  the  specified 
surface  area,  and  to  obtain  a  powder-gas  volume  that  is  constant 
over  time  in  the  process,  the  powder  charge  (caps)  are  armored;  the 
powder  caps  are  wound  with  asbestos  sheet  about  3-4  mm  thick  on  all 
sides  except  for  the  one  or  two  ends  that  are  intended  for  combus¬ 
tion,  and  then  Inserted  into  a  thin- walled  steel  shell  or  wound  over 
the  asbestos  sheet  with  fine  steel  wire  and  placed  inside  the 
cylindrical  combustion  chamber  of  the  P^.  This  is  not  the  only 
method  of  armoring  powder  caps. 

The  combustion  rate  of  the  powder  depends  on  its  composition 
and  structure  and  the  initial  tei^perature  and  pressure  of  combustion. 
The  burn  rate  of  the  powder  charge  depends  only  to  a  very  minor 
degree  on  the  initial  tenqperature,  and  this  has  a  strong  influence 
on  the  weight  of  powder  gas  formed  in  the  temperature  range  ±50°C, 
which  is  characteristic  for  various  times  of  year  and  different 
climatic  conditions.  An  Increase  in  pressure  facilitates  supplying 
heat  to  the  powder  charge  and  accelerates  the  reactions  taking  place 
on  its  surface. 

When  the  powder  charge  is  burned  at  the  ends,  the  gas  output  of 
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the  is  more  or  less  constant  over  time.  Powder  charges  that  burn 
along  an  Internal  canal  generally  show  a  gradual  Increase  in  com¬ 
bustion  surface  and,  consequently,  an  increase  in  the  P^'s  gas 
output;  charges  that  bum  «aong  the  outside  cylindrical  surface,  on 
the  other  hand,  give  a  gradually  decreasing  gas  output,  which  is 
extremely  undesirable. 

The  weight  of  the  powder  charge  and  the  dimensions  of  the 
powder  caps  necessary  for  normal  feed  of  the  theoretical  quantity 
of  fuel  components  from  the  tanks  into  the  engine  chamber  are 
determined  by  the  formulas: 


1)  weight  of  powder  charge 


PiTiftnu  /«%tM  * 

2)  the  per-second  flow  rate  of  the  powder  gases  into  the 


fuel  tanks 


(10.36) 


(10.37) 


3)  tlie  burn  surface  of  the  powder 


_ _ ,2,* 


(10.38) 


4)  length  of  powder  cap 


(10.39) 


where  is  the  volume  of  the  tanks  for  the  basic  fuel  components; 

D 

Pfi,  Tg,  Yg,  and  Rg  are  the  pressure,  temperature,  specific  gravity, 
and  gas  constant,  respectively,  of  the  powder  gas  in  the  fuel  tanks, 
T  and  R.  are  the  temperature  and  gas  constant,  respectively,  of 

&  cl 

the  powder  gases  in  the  PAD  chamber,  f.  »  R.T.  is  the  reduced  power 
of  the  selected  type  of  powder  which  is  taken  from  tables  for  the 


*1  ^Subscript:  n  =  p  =»  porokh  =  powder.] 
**[Subscrlpt:  a  >  sh  »  shashka  «  cap.] 
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majority  of  existing  smokeless  powders  (f.  =  80,000  to 
100,000  kg-nv^kg),  ^  Is  the  number  of  burn  faces  of  the  powder  cap. 
Is  the  operating  time  of  the  engine,  *  0.3  to  0.4  Is  a 

coefficient  taking  Into  accotint  the  heat  losses  of  the  powder  gases 


In  the  fuel-feed  system,  u^p  Is  the  linear  bum  rate  of  the  smoke- 
less  powder,  which  depends  on  Its  composition  and  the  Initial  tem¬ 
perature  of  combustion  in  °C,  and  on  the  combustion  pressure 

p^,  which  Is  given  approximately  by  the  formula 

«<^““«-/»;n+0.0028(/^~15*))  (10.40) 

here,  u^^o  Is  the  linear  bum  rate  of  the  given  type  of  powder  at  a 
pressure  of  1  atm  abs  and  a  temperature  of  13^0,  as  taken  from  the 
table;  v  Is  an  experimental  coefficient  that  characterizes  the  compo¬ 
sition  of  the  pdwder  and  Is  also  taken  from  the  table  (for  existing 
smokeless  powders,  we  have  v  =  1.45  to  1.75). 

Jacketed  charges  of  type  NM  are  sometimes  used  for  PAD.  The 
efficiency  of  this  powder  with  =  3.5  attains 

about  28,500  kg-m/kg  at  25  atm  abs; 
about  31  >100  kg-Vkg  at  40  atm  abs. 

In  determining  the  required  bum  surface  of  the  powder  charge, 
the  value  of  u^p  Is  t£dcen  for  the  lowest  possible  Initial  combus¬ 
tion  temperature  of  the  powder  with  the  objective  of  guaranteeing 
the  specified  powder-gas  pressure  In  the  fuel  tanks  even  In  the  event 
that  the  Initial  temperature  of  the  powder's  combustion  Is,  In  ac¬ 
cordance  with  atmospheric  conditions,  the  lowest  of  the  possible  tem¬ 
peratures  for  operation  of  the  engine,  l.e.,  when  the  linear  bum 
rate  of  the  powder  and  the  rate  of  generation  of  the  powder  gases 
are  at  their  minima.  In  practice,  operation  of  the  engine  will  In^ 

evltably  occur  also  at  higher  ambient  tenqperatures  (with  the  teapera- 
▼[ISuEscrlpt t  Hav  »  nach  =  nachal'nyy  ■  Initial.] 
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ture  of  powder  initiation  higher  than  the  theoretical  level) .  As  a 
result,  the  burn  rate  and  the  quantity  of  gases  formed  will  be  larger 
than  the  theoretical  values.  For  this  reason,  a  valve  that  releases 
excessive  qusuitlties  of  gas  into  the  atmosphere  is  usually  installed 
in  the  PiM)  system  to  prevent  elevation  of  the  gas  pressure  in  the 
fuel  tanks  above  the  calculated  value,  thereby  maintaining  the  pres¬ 
sure  in  the  PAD  combustion  chamber  at  a  constant  level.  One  of  the 

asBSs 


basic  specifications  in  designing  gas-line  valves  for  PA^equipped 
fuel-feed  systems  is  protection  of  their  resilient  elements  (springs) 
from  attack  by  the  hot  gases. 

In  determining  the  length  of  the  powder  caps,  the  value  of  u. 

*^a 

is  chosen  for  the  highest  possible  powder-combustion  Initiation  tem¬ 
perature  under  operating  conditions  in  order  to  ensure  normal  opereu* 
tlon  of  the  feed  system  for  the  specified  length  of  time,  even  in 
cases  where  the  temperature  of  powder- combustion  initiation  and,  con¬ 
sequently,  the  bum  rate  of  the  powder  are  at  their  highest  values 
in  accordance  with  atmospheric  conditions.  Naturally,  the  charge  will 
not  be  able  to  burn  until  the  system  has  ceased  to  operate  if  the 
initial  temperature  of  powder  combustion  is  lower  than  the  calculated 
value.  This  means  that  the  weight  of  the  P^  powder  charge  will  have 
a  guarantee  margin  when  the  length  of  the  powder  caps  is  determined 
in  this  way. 

It  must  be  remembered  that  when  the  powder  bums  in  a  chamber 
with  a  nozzle,  as  is  sometimes  the  case  in  a  PAD,  data  for  the  burn 
rates  of  unarmored  powder  caps  cannot  be  used  because  it  has  been 
established  that  their  burn  rates  depend  heavily  on  scavenging  of 
the  surface  by  the  powder  gases,  which  does  not  occur  when  powder 
burns  in  a  P^. 

Combustion  of  the  majority  of  smokeless  powders  proceeds  normally 
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only  at  rather  high  combust Ion- chamber  pressures  (above  40-50  atm 
abs) .  At  lower  pressures,  the  powder  bums  slowly  with  Incomplete 
decomposition  (the  heat  of  decomposition  Is  now  entirely  liberated) . 

Entering  the  oxidizer  tank  and  mixing  there  with  oxidizer  vapors, 
the  powder  gases  may  complete  combustion  (since  the  excess  oxidizer 
ratio  a  In  the  powders  Is  normally  less  than  1),  with  a  slight  In¬ 
crease  In  the  temperature  of  the  powder  gases  over  their  temperature 
In  the  combustible  tank,  where  such  combustion  cannot  take  place. 

For  this  reason,  the  value  of  for  the  oxidizer  tank  will  be 

smaller  than  for  the  combustible  tank.  In  such  cases,  we  may  set 

W.o’  °-9)  ’'tepl.g- 

In  designing  the  PAD,  It  Is  necessary  to  provide  measures  to 

SISS 

prevent  entry  of  unbumed  solid  powder  particles  Into  the  propellant 
tanks,  where  they  may  become  centers  of  Ignition  and  result  In  detona¬ 
tion  or,  at  the  very  best,  foul  the  propellant  nozzles  of  the  com¬ 
bustion  chamber,  to  the  considerable  detriment  of  the  effectiveness 
with  which  the  propellants  are  atomized. 

The  weight  of  the  Initiating  powder  charge  Influences  the  nature 
of  the  process  at  the  start  of  powder  combustion.  When  there  Is  an 
Insufficient  quantity  of  this  powder,  the  pressure  In  the  com¬ 
bustion  chamber  rises  slowly,  and  when  a  large  quantity  Is  present, 
the  pressure  rises  at  once  to  a  value  exceeding  the  normal  combustlon- 
chcunber  pressure  and  then  drops  off.  Experiments  have  shown  that  the 
basic  powder  charge  also  contributes  to  the  formation  of  a  peak  In 
this  pressure. 

The  weight  of  the  PAD  powder  charge  is  determined  by  the  formula 


P^Yaat  • 


(10.41) 


▼fSuUscrlpti  nycK  “  pusk  -  puskovoy  «  Initiating;  cbo6  =  svob  ■ 
»  svobodnyy  ■  free.] 
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Where  Is  the  "free"  volume  of  the  fuel-feed  system  and 

^tepl  *  0*15  to  0.2  Is  a  coefficient  taken  Into  account  for  the 
heat  losses  of  the  powder  gases  In  the  system  at  the  engine's  mini¬ 
mal  operating  temperature. 

It  Is  necessary  to  conpute  the  length  of  the  powder  cap  by  the 
formula 

Byeir*  (10.42) 


where  u^p  Is  the  linear  bum  rate  of  the  powder  type  in  question 
at  a  chamber  pressure  p^,  and  Is  the  starting- conditions  time 

of  the  engine. 

The  amount  of  the  Initiating  powder  charge  must  be  such  that  the 
"free"  volvime  of  the  engine  will  be  filled  with  powder  gases  at  the 
feed  pressure  Pg  from  the  fuel  tanks  at  the  beginning  of  the  work 
done  by  the  basic  powder  charge. 

A  quick-burning  powder  Is  used  as  the  initiating  charge  of  the 
to  bring  the  engine  up  to  its  operating  regime  quickly. 

The  chamber  of  the  Initiating  PAD  Is  usually  left  uncooled  (in 
view  of  Its  short  operating  time)  and  with  a  hypercritical  nozzle. 

The  critical-section  eo’ea  of  the  nozzle  Is  determined  here  by  the 
formula 


t 


F  _  * 

.  ftVt 


(10.43) 


where  Is  the  flow-rate  factor  of  the  nozzle  and  a  Is  a  coeffl- 
dent  which  depends  on  the  properties  of  the  powder  gases  and  their 
pressure  drop  In  the  nozzle. 

The  combustion  chambers  of  the  main  and  initiating  P^  are 
usually  made  cylindrical  with  spherical  bases,  nielr  geometrical  dl- 
mentlons  are  determined  by  the  calculated  dimensions  of  the  powder 
charges. 

♦[Subscript:  n.Kp  =«  p.kr  =  ploshchad',  krltlcheskaya  «  critical  area.] 
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The  wall  thickness  of  a  cylindrical  accumulator  combustion  cham¬ 
ber  is  expressed  by  the  formula 


J  _ 

2«»  </  Ih  j 


(10.44) 


where  n^  *  2.5  to  3.0  Is  the  strength  margin  of  the  combustion- chamber 
material,  which  depends  on  the  operating  time  of  the  pressure  ac¬ 
cumulator  (on  the  degree  to  which  It  becomes  heated) . 

The  weight  of  a  with  a  cylindrical  combustion  chamber  may  be 


expressed  by  the  formula 


(10.45) 


where  e  »  2  to  2.5  Is  an  enctimbrance  factor  taking  Into  account  the 

a 

weight  of  the  bases,  fittings,  connecting  parts,  and  other  small 
components  of  the  accumulator,  d_  and  are  the  diameter  and  length, 
respectively,  of  the  cylindrical  powder-combustion  chamber,  ^  Is 
the  specific  gravity  of  the  chamber  material,  b„  Is  the  fill  factor 
of  the  combustion- chamber  volume  with  the  powder  charge  (this  takes 
into  account  the  free  volume  of  the  chamber  and  the  volume  occupied 
by  the  armored  powder  caps),  which,  for  purposes  of  calculation, 
may  be  set  equal  to 

b_  »  1.05  to  1.5  for  burning  of  the  powder  from  one  end  and 
bj^  *  1.5  to  2.5  Is  the  same  for  combustion  from  two  ends. 

Since  the  voliune  of  the  cylindrical  powder- combustion  chcunber 
may  be  expressed  approximately  by  the  formula  V_  =  (“^d.A)!,,,  from 

A  A  A  ""  A 

2 

which  TTd^.  =  4V_,  and  the  fluctuation  of  the  gas  pressure  In  the 
powder- combustion  chamber  as  a  result  of  nomuilform  gas  evolution 
may  be  taken  Into  account  by  a  coefficient  C_,  Equation  (10.45) 
may  be  rewritten  as 


G  1/ 

^  •  t 

a/Tv.« 


(10.46) 


where  »  1.2  to  1.4  In  the  absence  of  a  pressure- relief  valve  and 
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C  *  1.02  to  1.05  In  the  presence  of  a  pressure-relief  valve. 

A 

The  weight  of  the  components  connecting  the  accumulator  to  the 
fuel  tank  depends  on  the  type  of  tank.  Its  position,  output,  and  other 
factors,  and  Is  normally  evaluated  on  the  basis  of  design  considera¬ 
tions  and  statistical  data. 

The  approximate  weight  of  the  PAD  with  its  powder  charge  is 


=  0.  +  C/, 


/i^iTcaa  a/Th.s 

/j  I  v 

\  Tn**  t/Tu.i  / 


(10.47) 


where  =  Op/Yp  =  Pfl^B^'^p^a^epl  powder-charge  volume. 

It  Is  necessary  to  burn  about  12-15  kg  of  powder  to  pressurize 
one  cubic  meter  of  fuel  from  the  tanks  to  the  engine  chamber  (taking 
Into  account  cooling  of  the  gas  in  the  system) .  Since  the  powder 
has  a  high  specific  gravity  in  Its  solid  state,  the  volume  of  the 
powder  chamber  to  hold  the  qusuitlty  of  powder  Indicated  will  be 
approximately  12-15  liters,  and  Its  weight  without  the  powder  charge 
will  come  to  about  25  kg  (the  weight  of  the  chamber  also  depends  on 
the  powder-gas  pressure) . 

The  specific  gravity  of  the  P^,  including  the  powder  charge. 

Is 


Tn..-- +T?^)kt/lU«r. 

*'b  /»Wi  \  • 


(10.48) 


The  specific  gravity  of  the  PAD-equlpped  fuel-feed  system  Is 


o.  +  o, 


(10.49) 


Figure  10.12  shows  curves  of  the  specific  weight  of  a  PAD- 
equipped  fuel-feed  system  as  a  function  of  the  pressure  p^  in  the 
fuel  tanks  for  »  1.4,  »  2.5,  n^  -  3,  n^  -  2.5,  b^  -  1.2, 

0,  '  1'  «bB  -  ®ba  -  11®  I'm.B  -  I'm.a  '  ^900  kg/m^,  . 

m  75*000  kg-m/kg,  ^tepl  “  0-33,  P^  “  100  atm  abs,  and  -  1600  kg/m^. 


SECa?ION  5.  CALCULATIONS  FOR  LIQUID- PROPELLANT  PRESSURE  ACCUMULATOR 
FOR  FUEL-FEED  SYSTEM 

The  liquid-propellant  pressure  accumulator  (ZhAP) 'is  a  uhlt 
which  generates  a  hot  gas  from  two  hypergollc  fuel  components  for 
displacement  of  the  main  fuel  conqponents  from  the  tanks  into  the 
engine's  combustion  chamber.  The  fuel  components  are  fed  Into  the 
Zh^  from  special  storage  tanks  by  compressed  air  supplied  from  the 
pneumatic  unit  of  the  system. 

The  basic  deficiency  of  ZhAD-equlpped  fuel-feed  systems  Is 
their  higher  design  con^lexlty  as  compared  with  or  PiU>- equipped 
feed  systems. 

A  ZhRD  fuel-feed  system  pressure  fed  by  a  Zt^  may  consist  of 
the  following  four  basic  units  (see  Fig.  10.3): 

1)  the  oxldlzer^feed  unit; 

2)  the  combustible-feed  unit; 

3)  the  system's  pneumatic  unit; 

4)  tanks  for  the  basic  propellants. 

The  basic  elements  of  the  feed  units  for  the  respective  fuel 
components  are: 

a)  the  reactor,  which  Is  usually  Installed  in  the  appropriate 
tank  for  the  basic  fuel  component; 

b)  small  tanks  for  the  combustible  and  oxidizer  (the  auxiliary 
fuel  c  omponent  s ) ; 

c)  fittings  and  tubing. 

The  system's  pneumatic  block  Is  shared  by  the  two  feed  units 
for  the  fuel  coiiq;>onents .  The  basic  element  In  each  feed  block  Is 
the  reactor  (the  auxiliary- propellant  combustion  chamber).  The  reac¬ 
tors  for  the  two  main-propellant  tanks  are  physically  almost  Identi¬ 
cal. 
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ttlch  reactor  may  consist  of  the  following  units; 

a)  a  chassis,  which  Is  the  basic  element  of  the  gas  generator 
and  the  one  on  which  all  the  other  elements  are  mounted; 

b)  nozzles  for  atomization  of  the  propellants  as  they  are  fed 
Into  the  reactor; 

c)  a  diaphragm  unit,  the  function  of  which  Is  to  block  communi¬ 
cation  between  the  reactor  cavity  and  the  tanks  while  the  latter  are 
being  filled  with  the  propellants  and  during  storage  of  the  engine 
(the  unit  consists  of  a  body,  a  filter,  a  diaphragm,  a  disk,  and  a 
pressure  screw) ; 

d)  a  cutoff  valve; 

e)  a  diaphragm- equipped  reactor  cap,  which,  together  with  the 
body,  forms  a  chamber  for  mixing  and  combustion  of  the  fuel  com¬ 
ponents; 

f)  a  nxunber  of  other  small  elements. 

The  top  of  the  reactor  housing  serves  as  a  head  for  placement  of 
the  fuel  nozzles. 

A  detailed  description  of  the  design  features  of  the  ZhAD,  Its 
starting  process,  and  Its  operating  principle  Is  outside  the  scope 
of  the  present  discussion. 

In  principle,  any  combination  of  combustible  and  oxidizer  can 
be  used  to  operate  a  Zh^.  However,  efforts  to  ensure  simple  and 
dependable  starting  of  the  accumulator,  stable  operation,  and  con¬ 
venient  maintenance  have  reduced  the  number  of  fuels  that  can  be 
used  expediently  for  Zt^.  Hypergollc  fuel  components  are  most  suit¬ 
able.  In  cases  where  nonhypergollc  fuel  components  are  used  for 
this  purpose.  It  Is  advisable  to  use  a  spark-fired  powder  cartridge 
to  ignite  them  when  the  engine  is  started.  The  range  from  800  to 
900°C  may  be  regarded  as  the  operationally  most  suitable  combustion 
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temperature  of  the  propellants  In  the  ZhAD  reactor. 

sbsssb: 

To  obtain  a  vapor  gas  at  the  above  ten^jerature,  the  fuel-mixture 
ratio  g  for  the  combustible  tank  must  be  made  lower  and  that 

for  the  oxidizer  (Xg  q)  considerably  higher  tlmn  the  stoichiometric 
value  In  order  to  avoid  combustion  of  the  gases  In  the  tanks.  The 
combustible-tank  reactor  normally  operates  at  an  excess  oxidizer 
ratloa„  _  »  0.3  to  0.4,  while  that  of  the  oxidizer  tanks  works  at 

JD*g 

«B.o  *  3  to  6. 

Limits  are  usually  Imposed  on  the  mixture  ratios  of  the  pro¬ 
pellants  fed  Into  the  ZhAD  reactor  to  prevent  exceeding  the  adopted 
temperature  value,  e,g.,  900°C. 

As  we  know,  the  temperatures  of  the  base  t^^  and  shell 
of  the  tank  at  the  reactor  end  and  the  specific  flow  rate  of  the 
fuel  Into  the  reactor  will  depend  on  the  fuel  mixture  ratios.  When 
the  fuel  composition  changes  toward  the  stoichiometric  value,  the 
temperature  of  the  maln-propellant  tanks  will  rise  and  the  specific 
flow  rate  of  the  fuel  will  decline,  and  vice  versa.  The  optimum  mix¬ 
ture  ratios  for  the  ZhAD  will  be  those  values  at  which  the  wall  tem¬ 
perature  of  the  maln-propellemt  tanks  does  not  exceed  the  safely  acU>< 
mlsslble  limit  (480-500°C)  at  the  end  of  the  engine’s  operation. 

During  the  engine's  operation,  the  shell  and  bottom  of  the  com¬ 
bustible  tank  are  heated  to  a  temperature  80-100°  higher  than  the 
corresponding  parts  of  the  oxidizer  tank.  The  tank  bases  are  heated 
by  almost  the  same  number  of  degrees  above  the  temperatures  of  their 
shells.  The  degree  to  which  the  bases  and  shells  of  the  engine  fuel 
tanks  are  heated  depends  on  the  material  of  which  they  are  made,  the 
gas  temperature  and  the  heating  period,  the  physical  properties  of 

the  components  to  be  pressurized,  and  a  nuniber  of  other  factors. 

Subscript i  odew  -  obech  ■>  obechayka  -  shell.] 
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since  analytical  determination  of  the  temperature  to  which  the 
tank  walls  are  heated  Involves  great  difficulty  and  Is  not  always 
possible  with  the  accuracy  requl’^ed  for  practical  purposes,  the 
values  of  t^^  emd  must  be  assigned  for  the  calculations  on 

the  basis  of  statistical  and  experimental  data. 

The  feed  pressure  p^  of  the  main  fuel  coinponents  Is  composed 
of  the  engine’s  combustion-chamber  pressure  plus  the  pressure  lost 
In  the  form  of  hydraulic  resistance  In  the  pipelines  on  the  way  from 
the  tank  to  the  engine’s  Injectors.  To  Insure  stable  feed  of  the  pro¬ 
pellants  Into  the  combustion  chamber  and  reduce  the  fluctuations  In 
engine  thrust,  a  definite  tolerance  for  the  value  of  p^  must  be  es¬ 
tablished  by  the  technical  specifications  for  the  design  of  the  system. 

The  following  basic  data  are  necessary  for  calculation  of  a 
ZhAD  for  an  engine  fuel-feed  system: 

1)  the  type  and  per-second  flow  rates  of  the  basic  propellants 
for  operation  of  the  engine  chamber; 

2)  the  capacities  of  the  tanks  for  these  propellants,  with  an 
Indication  as  to  the  volumes  of  the  "guarantee"  propellant  margins 
and  air  cushions  In  the  tanks  after  fueling; 

3)  the  pressure  Pg  feeding  the  main  propellants  Into  the  engine’s 
combustion  chamber  (the  pressure  In  the  fuel  tanks); 

4)  the  temperatiu>e  to  which  the  fuel-tank  walls  may  safely  be 
heated  during  the  time  In  which  the  system  Is  operating; 

3)  the  type  of  the  hypergollc  fuel  components  used  to  operate 
the  ZhAD; 

6)  the  engine’s  operating  program. 

Basically,  the  design  of  the  Zh^  reduces  to  determination  of: 

1)  the  necessary  fuel  mixture  ratio  X  required  to  operate  the 
ZhAD  at  a  selected  gas  tenqperature  In  the  reactors  —  which  Is  done 


by  thermodynamic  calculation  of  the  compositions  of  the  combustion 
products  of  the  fuel  In  question  for  a  series  of  selected  values  of 
X  with  subsequent  construction  of  curves  of  Tj^.  and  as  functions 

of  X  or  by  the  use  of  existing  diagrams; 

2)  the  necessary  per- second  flow  rates  of  the  fuel  con^jonents 
In  the  combustible  tank  and  the  oxidizer  tank  for  operation  of  the 
ZhAD; 

3)  the  volumes  of  the  tanks  for  these  fuel  components; 

4)  the  number  and  dimensions  of  the  nozzles  for  atomization  of 
the  fuel  conqponents  as  they  are  fed  Into  the  reactor; 

5)  the  required  reserve  of  air  In  the  bottle  of  the  system's 
pneumatic  unit  for  the  Initial  pressure  selected  for  It  and  the  di¬ 
mensions  of  this  bottle. 

When  the  calculations  have  been  completed,  the  necessary  fittings 
are  selected  for  the  feed  units  of  the  Zh^  and  laid  out  for  It, 
and  the  necessary  strength  calculations  are  made  for  the  system.  The 
most  difficult  part  Is  thermodynamic  calculation  of  the  composition 
of  the  products  of  fuel  combustion  In  the  reactors  for  different  x • 

It  has  been  established  that  the  products  of  combustion  of  a 
fuel  composed  of  Tonka-250  +  HNO^  and  20^  ^2^4 
gases  COg,  CO,  Hg,  HgO,  N^,  CgHg,  CHj^,  CgH^,  and  CgHg  and  C  In  the 
solid  phase  for  small  X .  The  composition  of  these  combustion  pro¬ 
ducts  Is  determined  by  solution  of  a  system  of  equations  consisting 
of 

a)  the  mass-balance  equations  In  ratio  form: 

Or  +  xP*  !•  ?>'(»,+ ^/)+/oo  * 

Hr  +  XH,  I  -»•  ^Pc»,  +  Vcjl.  . 

Or  +  XO*  W  ?flCO, +^/)+/C0  * 

Wr-HHr_L4  Vs. 

Or+xOi  /’cO,+Ah,0+^m' 
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c 


where  Is  the  weight  fraction  of  carbon  In  the  solid  phase; 

b)  the  equation  of  the  sum  of  the  gas  partial  pressures  In  the 
mixture 4 

S  Pi  ^Pco,  +Pco +Ph,o +Ph,  +Pch,  + Pc,h,  +  Pc^} 

c)  the  equation  of  the  chemlcal-equlllbrlum  constants  (see 
Appendix  V) . 

In  solving  the  above  system  of  equations  by  the  method  of  suc¬ 
cessive  approximations,  the  partial  pressures  of  the  gases 

and  CgHg  may  be  set  equal  to  zero  In  the  first  approximation 
because  of  their  smallness. 

If  nitrogen  Is  present  In  the  fuel  In  question,  the  weight  frac¬ 
tion  of  the  solid-phase  carbon  may  also  be  determined  from  the 
following  balance  equation! 

PC0,+PCQ 

where  g^  and  gj^  [kg/kg]  are  the  respective  weight  fractions  of  carbon 
and  nitrogen  In  one  kilogram  of  fuel. 

In  this  case,  the  energy  content  of  1  kg  of  fuel- combust ion  pro¬ 
ducts  Is  determined  by  the  formula 


h 

where  1^^  and  1^  are  the  respective  energy  contents  of  the  1  gas 
and  the  solid  carbon  (condensed  phase)  In  the  mixture,  referred  to 
1  kmole  and  M-n  molecular  weight  of  the  carbon  In  the  solid 

V 

phase. 

The  entropy  of  1  kg  of  combustion  products  Is  computed  by  the 
formula 

where  and  are  the  standard  entropies  of  the  1^^  gas  and  the 


-730- 


solid  carbon,  referred  to  1  kmole. 

Calculations  Indicate  that  there  Is  about  4-3^  of  carbon  In  the 
solid  phase  In  1  kg  of  combustion  products  from  the  above  fuel  with 
^=1.8  and  a  temperature  of  900°C. 

As  the  fuel-mixture  ratio  x  Increased  above  the  stoichio¬ 
metric  value,  the  combustion  temperature  of  the  fuel  begins  to.  drop 
off.  This  Is  accompanied  by  a  corresponding  decline  of  the  content 
of  the  dissociation  products  0,  H,  and  OH  In  the  combustion  products 
and  a  sharp  decline  In  the  Hg  &nd  CO  contents  of  the  gas  mixture. 

It  has  been  established  that  for  large  values  of  x>  the  combus¬ 
tion  products  of  the  fuel  under  consideration  consist  of  the  products 
of  complete  combustion  COg  and  HgO,  free  oxygen  Og,  and  nitrogen  Ng. 

Much  time  Is  required  to  determine  the  conqposltlon  and  tempera- 
tvire  of  the  combustion  products  of  a  fuel  heavily  ballasted  with 
combustible.  For  this  reason,  design  of  the  combustion  chamber  for 
fuels  with  very  low  excess  oxidizer  ratios  (a  =  0.15  to  0.4)  may  be 
based  on  the  value  of  (see  page  766). 

The  usual  system  of  equations  Is  employed  to  determine  the  com¬ 
position  of  these  products  at  the  selected  temperature  in  the  reactor 
Its  solution  Is  highly  simplified  by  the  small  number  of  gases. 

In  this  case,  the  mass-balance  equations  take  the  form 

|\  Cr  4~  iCq  12  .  Pco, 

Of  +  xOo  16  2^CO,  +  +  2/>o, 

2)  ^  ^Phjo  ^ 

Or  +  xOo  1®  ^Pc0,+PHfi  +  ^O,  * 

3)  Nr+xN._14  2^11. 

o,  +  xO,  16  2pco,  +  PHfi  +  iPo,  ; 

The  calculations  also  make  use  of  the  equality  between  the 
energy  contents  of  the  fuel  and  the  products  of  Its  combustion, 
taking  Into  account  the  loss  due  to  the  Incompleteness  of  coinbustlon 
and  dissipation  of  heat  from  the  reactor  Into  the  surrounding  medium 
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(the  energy  losses  are  determined  experimentally). 

The  composition  of  the  ccrntbustlon  products  of  a  fuel  ballasted 
with  oxidizer  in  the  necessary  quantity  for  operation  of  the  Zh^ 

(up  to  the  tenperature  of  the  combustion  products  Tj^  »  1100  to  1200®K) 
may  also  be  determined  by  the  formulas 

^€0.-7^,  lcg/lci»H.o-»H,kg/k«l 
^o.-Or~(7C,+8H,^cg/lcg|^K.--N,  kg/kg| 

where 

^co.+^h^+^o,+8^k.—1* 

The  fuel  mixture  ratio  x,  which  guarantees  the  necessary  tempera¬ 
ture  Tj^  of  the  evolved  gas  is  determined  as  follows. 

We  assign  three  proposed  values  to  the  oxidizer-to-oombustible 
weight  ratio  X  (e*g*>  X  =  and  20  Icg/kg)  and  cofipute  the  follow¬ 

ing  values  corresponding  to  them: 

1)  the  elementary  weight  conposltlon  of  the  fuel  {C^,  0^, 

and  in  kg/kg)  and  its  energy  content  in  kcal/kg; 

2)  the  weight  compositions  of  the  combustion  products  of  the 
fuel  in  question  in  the  form  of  the  partial  pressures  Pj^  or  weight 
fractions  and  the  energy  content  of  these  products  at  the 
selected  tenperature  Tj^.  [®K]  by  the  formula 

'■=1^-2'’''^  kc.i/k» 

or 

kcal/kg. 

Then  we  construct  combined  diagrams  of  >  ^(^)  and  »  f(X) 
and,  since  according  to  the  first  law  of  thermodynamics, 

the  point  of  intersection  of  the  curves  of  and  will  correspond 
to  the  unknown  theoretical  value  that  corresponds  to  the 

selected  working  tonperature  Tj^  [°K]. 

Similarly,  X  la  determined  for  the  fuel  ballasted  with  coinbus- 
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tlble;  In  this  case.  It  Is  necessary  first  to  assign  X  0.5,  1.0, 
and  1.5. 


The  required  auxiliary-fuel  flow  rate  for  operation  of  each  ZhAD 
of  the  system  Is  determined  by  the  formula 


0;- 


(10.50) 


where  Is  the  volume  of  gas  lost  through  the  constant-pressure 
valve,  which  Is  determined  by  experiment  In  each  specific  case, 

Rj^Tk  Is  the  reduced  power  of  the  gas,  which  Is  determined  In  the 
thennodynamlc  calculations  for  the  reactor  ,  In  Icg-nv'lcg,  *  0.2 

to  0.3  lb  a  coefficient  taking  Into  account  the  heat  losses  from  the 
gas  In  the  fuel-feed  system;  this  Is  also  determined  experimentally. 

The  above  formula  Indicates  that  the  required  auxiliary- fuel 
flow  rate  Into  the  ZhiU)  reactor  Is  Inversely  proportional  to  the 
gas  temperature  In  the  engine  tank.  The  necessary  reserves  of  fuel 
components  should  be  determined  for  the  feed  units  of  the  Zh^  with 
consideration  of  the  probable  departures  from  tolerance  In  the  feed 
pressure  Pg,  tank  volvime,  the  quantity  Rk^k'  coefficient  X  • 

The  fuel-flow  rate  Into  the  ZhAD  of  a  fuel-feed  system  Is  approxi¬ 
mately  1.5-25^  of  the  fuel  flow  rate  Into  the  engine  combustion 
cheunber . 

The  general  specifications  apply  for  atomization  of  the  fuel 
components  at  delivery  Into  the  reactors.  The  reactor  Injectors  are 
designed  In  the  usual  manner. 

In  certain  cases.  It  Is  highly  ln?>ortant  to  reduce  the  time 
taken  for  the  fuel-tank  pressure  to  come  up  to  the  operating  values 
when  the  engine  Is  started  (when  air  cushions  are  present  In  the 
tanks).  Powder  caps  that  bum  during  the  first  seconds  after  the 
"fire"  signal  may  be  used  for  this  purpose.  The  weight  and  bum  area 
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of  these  caps  are  computed  on  the  basis  of  the  condition  that  the 
free  volume  of  the  tanks  must  be  filled  to  the  feed  pressure  by  the 
powder  gases.  Burning  of  the  caps  must  be  conqpleted  before  the  Zh^ 
reactor  goes  into  operation. 

The  weight  of  the  ZhAD  consists  of  the  fuel  weight  the 
weight  small  tanks  for  the  fuel,  the  weight 

of  the  con?)resBed-gas  bottles,  and  the  weight  q  ***  of  the  compressed 
gas,  l.e., 

(10.51) 

Since  there  are  not  at  the  present  time  any  exact  data  con- 
cernllig  the  weights  of  Zhjp  combustion  chambers.  Its  weight  must  be 
taken  Into  acco\int  In  approximate  calculations  by  a  slight  increase 
In  the  coefficient  (in  figuring  the  weights  and  • 

Assuming  that  the  small  fuel  tanks  and  gas  bottles  of  the  ZhAD 
are  made  spherical  and  of  the  same  material  and  have  Identical 
volumes ,  l.e.. 


T,  /?Kr,TrW 

the  specific  weight  of  the  Zh^  may  be  esqpreseed  as  follows  by 
analogy  to  the  VAD-equlpped  pressurized  fuel-feed  system: 


T*aji  = 


'  +  (2«ot+(2#m+  O, 

Tt  I 

(1— 

r  2  + 


(10.52) 


where  k  Is  the  polytropic  exponent  of  gas  expansion  In  the  system. 

Is  the  specific  gravity  of  the  fuel  In  the  ZhAD.  Ap^  is  the  pres- 

^nSubscrlpt;  6a«i  -  bach  =  bachok  =  (small)  tank.] 

♦♦[Subscript:  (San  =  bal  =  ballon  =  bottle.) 

♦♦♦[Subscript:  r  «  g  =  gaz  =  gas.] 
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sure  drop  between  the  2h^  bottles  and  the  tanks  holding  the  basic 
fuel  components,  and  R_  and  T.  are  the  gas  constant  and  temperature 
of  the  gas  In  the  ZhAD  tanks  when  the  system  goes  Into  operation. 

The  specific  weight  of  a  ZhAD-equlpped  pressure-fed  fuel-feed 
system  (pressure  accumulator  and  cylindrical  tanks  for  basic  fuel) 
Is 


(10.53) 


Figure  10.12  presents  curves  showing  the  specific  weight  of 
the  ZhAD- equipped  fuel-feed  system  as  computed  by  Bq.  (10.53)  for 
W  =  10,000  kg-m/kg  and  Rj^Tj^  =  50,000  kg-nv^kg,  =  0.28,  = 

=1300  kg/m^,  6a  "  ^ 

X  =  0.2,  -  no  kg/mm®,  -  7900  kg/m^,  . 

=  29.27  and  =  293°K. 

cl 

Calculations  Indicate  that  the  y^^  of  a  Zh^ equipped  pressure- 
fed  fuel-feed  system  Is  ciose  to  the  specific  weight  of  a  PAD- 
equlpped  fuel-feed  system  with  adequately  high  gas  temperatures. 

The  basic  deficiency  of  the  ZhAD- equipped  fuel-feed  system  Is 
Its  complexity  of  design  as  compared  with  systems  equipped  with 


and  F^. 


SECTION  6.  METHODS  OP  POWERINC  TNA  TURBINES  AND  THEIR  ADVANTACES 
AND  DISADVANTACES 

During  recent  years,  according  to  the  foreign  literature,  a 
general  tendency  toward  Increasing  the  economy  of  high- thrust  ZhTO’s 
by  Increasing  the  combustion- chairiber  pressure  has  been  noted.  The 
turbopun?)  fuel- feed  system  Is  usually  used  In  such  engines. 

Various  methods  may  be  used  to  obtain  the  working  fluid  to 
power  the  pump-set  turbine.  The  following  types  of  gas  generators 


» 
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(go*)  may  be  used  for  this  purpose t 

1)  one-shot  solid-fuel  gas  generators,  which  are  distinguished 
by  relative  design  sln5)llclty  and  ease  of  starting; 

2)  single- component  gas  generators,  v/hlch  work  on  single-com¬ 
ponent  liquid  fuels  and  can  be  restarted; 

3)  two-component  gas  generators,  which  operate  on  the  basic  fuel 
coniponents  and  can  be  restarted. 

The  appropriate  slow-burning  powders  may  be  used  as  the  solid 
gas-generator  fuel,  while  hydrogen  peroxide  (HgOg),  Isopropyl  nitrate 
(C^HyONOg),  ethylene  oxide  (CH^^O),  ammonia  (NH^)#  hydrazine  (NgH^), 
etc.,  may  be  used  as  single- component  fuels.  Some  of  the  slngle- 
conqponent  fuels  require  use  of  appropriate  catalysts  to  accelerate 
their  decomposition. 

In  cases  where  hydrogen  peroxide  Is  used  to  generate  the  gas, 
the  generator  Is  frequently  referred  to  as  a  hydrogen-peroxide  vapoiv 
gas  generator  (PQq*t) . 

A  number  of  existing  turbopump-fed  ZhRD  use  single- component 
vapor-gas  generators  operating  on  hydrogen  peroxide  of  80-90J^  con¬ 
centration  by  weight,  with  expluslon  of  the  spent  vapor  gas  Into  the 
atmosphere  (see  Pig.  10.4). 

A  vapor  gas  at  a  ten5)erature  of  about  380-480®C  Is  formed  on 
deconqposltlon  of  8q%  hydrogen  peroxide.  The  discharge  velocity  of 
this  vapor  gas  from  the  nozzle  attains  -  930  to  1100  nv^sec  at  a 
pressure  of  25-30  atm  abs  In  front  of  the  nozzle. 

In  practice,  the  turbine  blades  make  It  possible  to  use  a  vapor 

gas  at  a  relatively  high  temperature  euid,  consequently,  with  a  high 

discharge  velocity  of  this  gas  from  the  turbine  nozzle.  The  turbine's 

economy  of  operation,  l.e.,  the  specific  vapor-gas  consumption,  which 
*1  rt’=  00  =  gazogenerator  «=  gas  generator.] 

*♦[  niT=“f22  =  parogazogenerator  =  vapor- gas  generator.] 
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Is  the  ratio  of  the  per-second  flow  of  vapor  gas  Into  the  turbine  to 
Its  net  power,  depends  on  the  velocity  c^.  The  method  of  powering 
the  turbine  has  been  well-mastered  In  practice,  as  compared  to  other 
methods,  and  Is  simple  from  a  design  standpoint.  A  drawback  to  It  Is 
the  low  operating  economy  of  the  turbine. 

In  the  case  of  the  the  temperature  of  the  vapor  gas  ob¬ 

tained  at  a  given  pressure  In  the  PQO  Is  determined  by  the  hydrogen- 
peroxide  concentration.  As  a  result.  It  Is  no  longer  necessary  to 
have  a  temperature  regulator  for  the  vapor  gas  or  to  Ignite  the  com¬ 
ponents  In  the  vapor-gas  generator  on  starting,  and  this  simplifies 
the  generator’s  design  and  Insures  dependable  operation. 

The  hydrogen-peroxide  vapor-gas  generator  starts  automatically 
and  does  not  require  special  Initiating  devices;  It  Is  capable  of 
operating  dependably  on  a  very  small  amount  of  hydrogen  peroxide.  If, 
however,  the  thrust  of  the  engine  must  be  controllable,  the  genera¬ 
tor  must  have  provision  for  varying  the  output  In  order  to  reduce 
the  number  of  TNA  rpm’s. 

As  one  of  the  engine’s  vital  units,  the  turbopump  set  Is  sub¬ 
ject  to  dependability  and  economy  requirements.  Increasing  the  ef¬ 
ficiency  of  the  turbines  for  low-  and  medium- thrust  ZhRD  has  no  slg- 
nlflcauit  effect,  since  the  fuel  consumed  to  drive  the  TOA  In  these 
cases  composes  an  Insignificant  fraction  of  the  total  fuel  consumed 
In  the  engine’s  combustion  chamber.  For  this  reason,  even  a  very 
large  Increase  In  turbine  efficiency  has  here  only  a  very  slight 
effect  on  overfall  engine  economy.  However,  the  prospective  develop¬ 
ment  of  the  ZhRD  promises  to  create  hlgh-thznist  engines  with  enor¬ 
mous  fuel-flow  rates  In  the  chainbers.  In  these  cases,  the  problem 
of  tWA  operating  economy  acquires  considerably  greater  Importance. 

The  use  of  a  vapor  gas  at  higher  temperatures  (of  the  order  of 
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700-800°c)  should  be  noted  as  one  of  the  possible  methods  of  increas¬ 
ing  the  turbine  efficiency. 

It  Is  possible  to  obtain  a  vapor  gas  at  such  temperatures  work¬ 
ing  with  hydrogen  peroxide  by  Increasing  the  latter's  concentration 
to  90J^.  However,  the  use  of  HgOg  of  such  high  concentration  raises 
the  cost  of  the  vapor  gas  considerably  due  to  the  relatively  high 
cost  of  the  peroxide  and  Involves  certain  difficulties  with  Its 
application  as  a  result  of  the  higher  freezing  point.  For  example, 

805^  HgOg  has  a  freezing  point  of  -27.7°C,  while  905^  peroxide  freezes 
at  -11°C. 

The  tenqperature  of  the  vapor  gas  may  also  be  Increased  by  adding 
to  hydrogen  peroxide  of  lower  concentration  certain  organic  additives 
(methfimol,  phenol,  glycerine,  etc.)  that  are  capable  of  burning  In 
It  to  liberate  a  considerable  additional  quantity  of  heat  due  to  the 
gaseous  oxygen  formed  from  the  peroxide  on  Its  decomposition.  In 
this  case,  a  vapor  gas  at  a  pressure  of  23-30  atm  abs  and  a  tempera¬ 
ture  of  1000°C  may  have  a  discharge  velocity  of  about  c^  »  13OO- 
l400  nv'sec.  This  way  of  producing  the  vapor  gas  for  the  turbine  Is 
more  convenient  In  practice  because,  with  proper  selection  of  the 
additives  to  the  peroxide.  It  Is  possible  simultaneously  to  obtain 
a  vapor  gas  at  higher  temperature  and  depress  the  freezing  point  of 
the  Initial  hydrogen  peroxide  solution.  Moreover,  the  cost  of  this 
vapor  gas  will  be  reduced  as  a  result  of  the  use  of  additives  that 
are  cheaper  than  the  HgOg. 

However,  this  advantage  Is  retained  only  provided  that  the 
turbine-powering  system  remains  simple  in  design  and  dependable  in 
operation.  The  explosion  hazard  presented  by  such  mixtures  must  be 
investigated  with  particular  care. 

Naturally,  hydrogen-peroxide  catalysts  used  to  produce  a  hlgtv- 
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temperature  vapor  gas  must  be  thermally  stable  within  the  indicated 
temperature  range  (they  must  retain  their  activity  and  mechanical 
cohesion  under  these  conditions)  and  be  capable  of  promoting  the  re¬ 
action  at  the  necessary  rate.  The  catalysts  presently  known  for  de¬ 
composition  of  hydrogen  peroxide  have  been  developed  for  application 
with  low  vapor-gas  temperatures.  The  necessity  of  producing  vapor 
gas  at  relatively  high  pressure  and  temperature  naturally  requires 
catalyits  of  higher  thermal  stability  and  mechanical  cohesiveness 
for  deconqposltlon  of  hydrogen  peroxide  with  the  organic  additives . 

It  is  possible  to  power  the  turbine  with  gas  taken  directly 
from  the  combustion  chamber  at  the  point  where  the  basic  stage  of 
the  fuel- combustion  process  culminates  (e.g.,  at  the  end  of  the  comr- 
bustlon  chamber  in  front  of  the  nozzle) .  However,  this  method  of 
powering  the  turbine  Involves  considerable  difficulty  in  practice, 
since  the  materials  of  which  the  turbine  components  are  made  carmot 
withstand  the  high  temperature  of  the  scavenged  gas  (of  the  order  of 
2600-3100°C) .  For  this  reason,  this  gas  must  be  cooled  to  650-850°C 
before  it  is  fed  into  the  turbine,  using  a  special  cooling  chamber 
with  water  sprayed  into  it;  this  water  must  be  taken  on  board  the 
missile.  Moreover,  it  is  very  difficult  in  practice  to  regulate  the 
ten?)erature  of  the  vapor- gas  mixture  in  front  of  the  turbine  and  to 
obtain  a  sufficient  quantity  of  fully  reacted  gas  from  the  combus¬ 
tion  chamber.  Apparently,  this  method  of  powering  TNA  turbines  has  not 
been  used  because  of  these  difficulties. 

It  is  also  possible  to  reduce  the  temperature  of  the  gas  with¬ 
drawn  from  the  engine's  combustion  chamber  to  the  safely  admissible 
limit  for  the  turbine  blades  by  subsequent  pun5)lng  -  of  a  certain 
quantity  of  combustible  into  it  (from  the  engine  tank),  but  this 
measure  entails  additional  consumption  of  the  cosq>onent  and  also  re- 
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quires  precise  metering  of  It  (see  Pig.  10.6). 

It  Is  also  possible  to  power  the  turbine  with  gas  obtained  by 
burning  a  combustible  of  the  type  used  to  power  the  engine  In  a 
special  gas  generator.  This  method  of  powering  the  turbine  differs 
from  the  preceding  only  In  that  the  process  of  producing  the  hot 
gas  Is  Isolated  from  the  engine’s  combustion  chamber  and  Is  therefore 
more  easily  controlled.  However,  the  gas  that  forms  In  cases  where 
a  fuel  of  stoichiometric  composition  Is  burned  has  a  high  temperature, 
and  water  Injection  Is  necessary  to  reduce  this  to  the  admissible 
limit .  Calculations  and  experiment  have  shown  that  a  change  of  a  few 
percent  In  the  rate  at  which  water  Is  fed  Into  the  gas  changes  the 
vapor-gas  temperature  by  an  Inadmissible  margin. 

This  circumstance  makes  It  difficult  to  control  the  gas  genera¬ 
tor  together  with  the  engine  and  require  a  special  complex  auto¬ 
matic-control  system  to  ensure  stability  In  the  parameters  of  the 
vapor  gas  produced. 

It  Is  expedient  to  power  the  turbine  with  gas  formed  In  a  gas 
generator  from  the  same  fuel  components  used  to  operate  the  engine, 
but  this  must  be  done  with  a  very  small  excess  oxidizer  ratio  (of  the 
order  of  a  =  0.2  to  0.3). 

In  this  case,  the  weight  of  the  TOA  turns  out  to  be  of  the  same 
order  as  that  of  systems  with  expulsion  of  the  spent  gas  Into  the 
atmosphere  behind  the  turbine;  however,  the  weight  of  the  PQQ  may 
be  estimated  from  the  weight  of  the  chamber  for  the  appropriate 

flow  rates  and  pressures. 

The  gas  obtained  In  this  case  has  a  temperature  (about  700- 
900*^0)  that  can  be  withstood  safely  by  the  turbine  blades.  After 
being  used  In  the  turbine,  this  gas  can  either  be  expelled  directly 
Into  the  environment  or  burned  to  the  optimum  component  proportions 
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In  the  same  chamber  or  In  a  special  chamber,  participating  in  the 
generation  of  engine  thrust  or,  finally,  used  to  protect  the  chamber 
liner  from  overheating  (Pig.  10.13). 

Bq)ulslon  of  this  generator  gas  Into  the  atmosphere  behind  the 
turbine  naturally  Involves  an  unproductive  expenditure  of  heat  in 
servicing  the  feed  system,  l.e.,  a  loss  In  the  effective  thrust  of 
the  ^h^,  since  the  latter  Is  defined  as  the  ratio  of  engine  thrust 
to  the  over-all  consumption  of  fuel  In  It. 

One  of  the  possible  ways  to  Improve  the  characteristics  of  the 
ZhRD  Is  to  raise  p^,  which  results  In  an  Increase  In  P  ..  As  P  . 
Increases,  however,  there  Is  a  proportional  Increase  in  the  specific 
flow  rate  of  the  mass  vehicle  to  drive  the  turbine  (the  specific 
flow  rate  Is  proportional  to  the  pressure  at  which  the  fuel  components 
are  fed  Into  the  combustion  chamber  of  the  engine) . 

A  closed  system  may  be  used  to  cool  the  engine  chamber  and  power 
the  turbine  (Pig.  10.14)  for  high-thrust  (over  100-120  tons)  ZhRD 
that  have  rather  long  operating  times.  However,  It  will  evidently 
be  difficult  to  set  up  such  a  system  for  high-thrust  engines  with 
high  combustion-chamber  pressures,  particularly  In  cases  In  which 
dependable  cooling  of  the  cheunber  requires  a  fuel- component  ratio 
X  at  the  wall  that  Is  considerably  lower  than  the  average,  Xg^,* 

Prom  a  thermodynamic  standpoint,  the  best  working  fluid  for  this 
system  Is  water,  since  It  possesses  much  better  cooling  properties 
than  the  fuel  conq)onents.  The  basic  drawback  to  the  use  of  water  Is 
Its  high  freezing  point,  which  makes  It  necessary  to  heat  It  with 
special  units  in  winter.  It  Is  also  possible  to  use  water-alcohol 
mixtures  with  lower  freezing  points  as  the  mass  vehicle  In  the  closed 
circuit  of  this  system.  In  this  system,  the  mass  vehicle  Is  heated 
*[ {Subscript!  cT  -  St  -  stenka  «  wall.] 
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71g.  10.13.  Schematic  diagram 
of  turbopunq?-fed  fuel-feed 
system  with  two- component  POO 
and  further  combustion  of  ^Re 
vapor  gas  after  the  turbine 
in  the  engine  combustion  cham¬ 
ber.  1)  Chaiia>er  with  powder 
charge  for  starting  twist  of 
turbine  by  powder  gases j  2) 
two- component  vapoivgas  gen¬ 
erator;  3)  pressurizing  pumps; 
4)  piunps  for  main  fuel  com¬ 
ponents;  5)  vapor-gas  turbine; 
6)  engine  chamber. 


Fig.  10.14.  Schematic  diagram  of 
closed  system  for  cooling  and 
supplying  turbine  with  vapor  gas 
with  water'- throttling  device  and 
separation  of  the  vapor  before 
the  turbine.  1)  Fuel- component 
punqps;  2)  vapor  turbine;  3)  clrcula 
tlon  pump:  4)  water- vapor  con¬ 
denser:  3)  molstened-vapor  separa¬ 
tor;  6)  hot-water  pressure  regula¬ 
tor;  7)  engine  chamber. 


and  vaporized  In  passage  through  the  engine's  coolant  passages  and 
then  enters  the  vapor  turbine,  from  which  It  proceeds  to  a  refrigerat¬ 
ing  unit  where  It  Is  condensed  and  redirected  Into  the  engine  cham¬ 
ber's  coolant  passages.  If  there  Is  Insufficient  heat  to  evaporate 
the  liquid  taken  from  the  chazober  liner.  It  can  be  vaporized  In  a 
special  vaporizer  Installed  for  this  purpose  In  the  engine's  com¬ 
bustion  chamber.  The  water  vapor  that  has  been  used  In  the  turbine 
passes  through  surface- type  condensers  and  Is  cooled  by  the  fuel  com- 
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ponents  entering  the  engine  combustion  chamber. 

However,  when  this  system  Is  used  to  cool  the  engine  chamber  and 
power  the  turbine,  we  uncounter  the  problem  of  ensxirlng  stable  opera^ 
tlon  of  the  vaporizer  system,  since  It  Is  known  from  operating  prac¬ 
tice  with  direct- flow  steam  boilers  that  such  systems  require  special 
measures  to  ensure  stable  operation  (sliding  disks,  etc.). 

Powering  tne  turbines  with  powder  gases  or  compressed  air  Is 
of  no  practical  Interest  because  of  the  essential  shortcomings  that 
are  Inherent  In  It;  however,  these  products  may  be  used  for  giving 
the  turbine  Its  Initial  twist  or  powering  It  with  energy  from  another 
source . 


SECTION  7.  DESIGN  OP  HYDROOEN-PEROXIDE  VAPOR- OAS  GENERATORS  FOR  ZhRD 
At  the  present  time,  there  exist  single- component  hydrogen- 
peroxide  vapor-gas  generators  (PGO)  with  liquid  and  solid  catalysts 
that  accelerate  decomposition  of  the  peroxide. 

Below  we  present  thermochemical  calculations  for  these  vapop^gas 
generators . 


Calculations  for  t^drogen-Peroxlde  Vapor-Gas  Generator  with  Liquid 
Catalyst 


This  type  of  vapor-gas  generator  was  used  In  the  engine  of  the 


Ai-4  long-rsmge  missile.  Eighty- percent  hydrogen  peroxide  was  used  In 
It  as  the  working  gas-generating  substance,  and  an  aqueous  solution 
of  sodium  permanganate  (NaMnOj|}  was  used  as  the  liquid  catalyst. 

Potassium  pexnnanganate  KMnO;^,  calcium  permanganate  Ca(MnO;^)2* 
barium  Ba(Mn02^)2  and  other  substances  may  also  be  used  as  liquid 
catalysts  for  hydrogen  peroxide. 

An  aqueous  solution  of  sodium  permanganate  at  28- 32$^  concentra¬ 
tion  by  weight  gives  the  most  active  response  with  hydrogen  peroxide 
(In  the  sense  of  the  latter's  decomposition).  For  economical  utlllza- 


tion  of  this  catalyst,  the  weight  proportions  of  the  aqueous  hydrogen- 
peroxide  and  sodium- permanganate  solutions  must  lie  In  the  range  from 
12  to  26.  In  existing  POO,  the  amount  of  liquid  catalyst  consumed 
riins  to  about  of  the  amount  of  hydrogen  peroxide. 

The  corrosive  action  exerted  on  the  aluminum  elements  of  the 
engine  turbine  by  the  sodium  hydroxide  formed  In  the  chemical  reac¬ 
tion  of  the  hydrogen  peroxide  with  sodium  permanganate  Is  Insig¬ 
nificant.  Calcium  and  barlvim  hydroxides  are  less  aggressive  toward 
the  metals,  as  will  be  seen  from  comparison  of  the  solubilities  of 
these  substances.  On  the  other  hand,  however,  their  low  solubility 
represents  a  disadvantage,  since  the  engine  turbine  becomes  fouled 
with  the  products  MnOg,  Ba(0H)2,  and  Ca(0H)2. 

This  clrcvimstance  Is  one  of  the  factors  that  have  compelled 
engine  designers  to  abeuxdon  the  use  of  liquid  catalysts  for  hydrogen 
peroxide  In  ZhRD  fuel-feed  systems  and  to  develop  PQQ  with  solid 
catalysts. 

The  liquid- catalyzed  hydrogen-peroxide  vapor-gas  generator  Is 
a  system  (see  Fig.  10.4)  consisting  of  a  reactor  (mixing  chamber), 
a  hydrogen-peroxide  tank,  a  tank  for  the  sodium  permanganate,  a 
compressed-nitrogen  bottle  to  pressurize  the  components  from  the 
tanks  Into  the  reactor,  a  pressure  reducer,  metering  safety  valves, 
pipelines,  and  other  small  elements. 

The  aqueous  solutions  of  hydrogen  peroxide  and  sodium  pexiRftnga«< 
nate  are  sprayed,  under  the  pressiure  of  the  gas  In  their  tanks, 
through  special  Jet  nozzles  Into  the  PQQ  reactor,  where  they  are 
mixed  together  and  react  chemically,  with  the  result  that  a  vapor  gas 
of  the  specified  parameters  Is  formed. 

Basically,  the  design  of  a  hydrogen^peroxlde  vapor-gas  generator 
for  a  liquid  catalyst  reduces  to  the  determination  of 

-744- 


I 


1)  the  composition  and  parameters  of  the  vapor  gas  obtained  with 
the  specified  reactor  pressure  and  the  velocity  selected  for  the 
working  components; 

2)  the  basic  geometrical  dimensions  of  the  chamber  of  the  vapor- 
gas  generator  (reactor)  and  the  automatic- control  devices,  Including 
plumbing. 

The  design  and  capacity  of  the  reactor  must  provide  for  suffi¬ 
cient  mixing  of  the  components  and  the  most  rapid  possible  reaction 
between  them,  while  the  automatic  system  controlling  the  vapor-gas 
generator  must  ensure  stability  of  the  specified  operating  regimes. 

The  ratio  of  the  length  of  the  cylindrical  reactor  to  Its  diameter 
does  not  exceed  2  In  existing  designs. 

Since  dissociation  of  the  peroxide-decomposition  products  does 
not  occur  at  the  temperatures  prevailing  In  the  reactor,  the  vapor 
gas  consists  of  water  vapor  and  gaseous  oxygen  (If  we  disregard  the 
relatively  small  content  of  the  solid  products  fomed) . 

Deconqposltlon  of  hydrogen  peroxide  on  mixing  with  sodium  per¬ 
manganate  proceeds  In  accordance  with  the  following  equations  when 
both  are  present  In  100^  concentrations  by  weight: 

3H,Oj  +  2NaMn04»2Na0H  +  2Mnp,  +  2H,0  (water)  + 

+30,+ 113700  ke«l/laBel«l  (10.54) 

^2®2  "  ^2®  (water)  +  0.500, +23 450 ke»l/k»ole,  (10.55) 

On  reaction  of  the  hydrogen  peroxide  with  sodium  permanganate, 
the  chemical  reaction  first  proceeds  In  accordance  with  the  first 
equation  to  form  manganese  dioxide  MnOg,  which  then  acts  as  a  cata^. 
lyst  on  the  hydrogen  peroxide  and  decomposes  It  In  accordance  with 
the  second  equation.  Here,  the  quantity  of  manganese  dioxide  formed 
dxirlng  the  first  reaction  Is  so  large  that  It  Is  adequate  for  subse¬ 
quent  deconposltlon  of  a  large  amount  of  hydrogen  peroxide. 
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Consequently,  the  function  of  the  first  of  these  reactions  con¬ 
sists  in  formation  and  activation  of  the  catalyst  MnOg,  while  that 
of  the  second  reaction  is  to  evolve  the  heat  necessary  to  evaporate 
the  water  and  heat  the  forming  vapor  gas  to  a  specified  temperature. 

On  conversion  from  kllomoles  to  one  kilogram  of  the  reacting  com¬ 
ponents,  Eqs.  (10.5^)  and  (10.55)  assume  the  form: 

1  kg  NaMnOg  +  0.119  kg  HgOg  =  O.287  kg  NaOH  +  O.608  kg  MnOg  + 

+  0.224  kg  Og;  (10.56) 

1  kg  HgOg  =  0.528  kg  HgO  +  0.472  kg  Og.  (10.57) 


These  equations  may  be  used  as  a  basis  for  the  appropriate 
calculations  to  obtain  the  following  formulas  for  determination  of 
the  per-second  quantities  of  vapor-gas  products  formed: 

-0,471«^)+a^,(l  —  0;937«,„)l4[/a*o/ 

gaseous  oxygen 

(7o,=O,471a|i,ja^j  +  O,168^i„,*,0, 

manganese  dioxide 

OMnO,s»0,60Sfr„,O^V  kg/if^} 


sodium  hydroxide 


Tkioh  -  0,287fr„,o„,  kg/aae , 

which  gives  a  total  of 

<7,,^  ^(7h,o  +  Oo,  +  Gmiio,  +  Gk.oh  kg/aw,* 

where  per-second  flow  rates  of  the  hydrogen 

peroglde  and  sodium  permanganate,  respectively,  into  the  vapor-gas 

generator,  and  and  are  the  weight  concentrations  of  the 

hydrogen  peroxide  and  sodiiui  permanganate  in  the  aqueous  solutions. 

Figure  10.15  presents  the  results  of  thermochemical  calcula- 

•TSubscrlpts:  nep  ■  per  «  perekls*  «  peroxide;  wax  -  kat  ■  katall- 
zator  -  catalyst.] 

♦•[Subscript:  nr  -  pg  -  parogas  -  vapor  gas.] 
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Pig.  10.15.  Results  of  calculation  for  decomposition 

products  of  hydrogen  peroxide  (80}^  concentration  by 

weight)  with  28^  sodium  permanganate,  l)  Per-second 

consun5)tlon  of  reagents,  O'  =  2.2  kg/sec;  2)  aqueous 

s 

peroxide  solution,  ftpgj,  =  2.035  kg/sec;  3)  HgOg  + 

+  28j^  NaMnOj^;  4)  liquid  catalyst,  =  O.165  k^sec; 

5)  catalytic  reaction;  6)  chemical  reaction;  7)  2.2  kg/sec; 
8)  HgO,  0.407  kg. 

tlons  for  the  vapor-gas  coniposltlon  with  the  per-second  flow  rates 
ap^y  =  2.035  kg/sec  for  805t-by- weight  hydrogen  peroxide  and  bj^^^  » 

=  0.165  kg/sec  for  28j^-by-welght  sodium  permanganate. 

The  calculations  Indicate  that  different  sodium  permanganate 
concentrations  «md  different  weight  proportions  of  the  permanga¬ 
nate  to  the  hydrogen  peroxide  have  little  effect  on  the  composition 
of  the  vapor  gas  obtained;  this  Is  accounted  for  by  the  low  specific 
weight  of  the  reaction  (10.54)  In  the  process  In  which  the  vapor  gas 
Is  formed.  The  conqposltlon  of  the  vapor  gas  Is  determined  basically 
by  the  specified  hydrogen  peroxide  concentration. 

In  engineering  calculations,  the  manganese  dioxide  and  sodlmn 
hydroxide  contents  In  the  vapor  gas  are  usually  disregarded  because 
of  the  small  quantities  Involved. 

Table  10.2  presents  average  values  of  the  weight  and  volume 
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TABLE  10.2 


1  COCTIB 

1  2  eno*  H 

luportM 

N 

70 

75 

■  80 

65 

90 

fHfi 

68.2 

65,9 

63,6 

61,4 

59,1 

fo. 

31.8 

34.1 

36,4 

38.6 

4u,9 

'Hfi 

79.0  > 

77.3 

75.6  . 

73.7 

71.8 

'0, 

21,0 

22.7 

I 

24.5 

26,3 

28.2 

l)  Conqposltlon  of  vapor  gas,  2) 

P  wZ* 

con5)osltlon  of  the  vapor  gas  for  various  concentrations  by  weight  of 
the  hydrogen  peroxide  and  sodliun  permanganate  In  the  aqueous  solu¬ 
tions. 

The  vapor  gas  produced  In  the  PQQ  Is  characterized  by  its  pres¬ 
sure,  temperature,  and  heat  content. 

In  the  calculations,  the  pressure  In  the  vapor- gas  generator's 
reactor  Is  usually  assigned  and  the  temperature  and  heat  content  of 
the  vapor  gas  determined  on  the  basis  of  the  heat-balance  equation 
for  decon^josltlon  of  hydrogen  peroxide  with  the  specified  liquid 
catalyst.  The  temperature  of  the  resulting  vapor  gas  depends  on 

1)  the  pressure  In  the  vapor-gas  generator's  reactor; 

2)  the  physicochemical  properties  of  the  working  components 
(reagents) ; 

3)  the  concentration  factors  of  these  components  In  the  aqueous 
solution; 

4)  the  weight  proportions  of  the  working  components. 

If  we  disregard  the  small  quantity  of  heat  expended  In  heating 
the  solid  products  NaOH  emd  Mn02»  the  theoretical  tenqperature  of  the 
vapor  gas  (assuming  a  conqplete  decomposition  reaction  for  the  hydro¬ 
gen  peroxide  and  the  absence  of  heat  losses  Into  the  surrounding 
medium)  may  be  determined  from  the  following  heat-balance  equation: 
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(10.58) 


l.e 


•  9 


lAfH,o  (j*C,)h/>  +  Afo.  (l‘C^)o,l  C.T=  Qi 


— ‘C, 


Where  .  a„  q/IS  and  .  Oq  /32  are  the  niunber  of  kmoles  of 

water  vapor  and  gaseous  oxygen,  respectively,  (M-Cp)jj  q  and  (M>Cp)Q 
are  the  molar  heat  capacities  at  constant  pressure,  in  kcal/kmole  °C 
for  the  water  vapor  and  gaseous  oxygen,  respectively;  these  are  taken 
from  tables  in  accordance  with  the  proposed  vapoivgas  temperature. 


3ind 

0...,  ==  10  750  (4.025  18.20xa,p  ^  -  Al„.o) 

®IHt  '  ■ 

Here,  Xp^j.  Is  the  weight  ratio  between  the  aqueous  hydrogen  peroxide 
and  sodl\am  permanganate  solutions,  and  euid  are  the  weight 

p0Z*  ICft  w 

concentrations  of  these  components. 

The  actual  temperature  of  the  vapor  gas  obtained  will  be 

(10.59) 

where  9^^  »  0.92  to  0.95  is  a  coefficient  taking  Into  account  the 
actual  heat  evolved  In  the  vapor-gas  generator  reactor  and  the  dis¬ 
sipation  of  heat  Into  the  environment. 

The  heat  content  of  the  vapor  gas  is  determined  by  the  usual 
formula: 


Pwo 


+  ®2AIo, 
le  water  v« 

determined  from  the  I-S  diagram  as  a  function  of  Its  pressure  and 


(10.60) 


where  Ijj  q  Is  the  heat  content  of  the  water  vapor  In  kcal/kg,  as 


temperature,  and  C_  Is  the  heat  capacity  of  gaseous  oxygen  at  con- 

stant  temperature  In  kcal/kg  ”C;  this  Is  taken  from  a  table  as  a 
function  of  the  vapor-gas  temperature  t  °C. 

Jr  & 

The  quantity  of  vapor  gas  formed  In  one  second  depends  on  the 
■'I Subscripts:  nr.x  -  pg.t  =  parogaz,  teoretlcheskly  *  vapor  gas, 
theoretical;  bma  «  vyd  =  vydelennyy  =  evolved.] 
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flow  rate  of  the  liquid  components  during  a  similar  period  of  time  in 
the  vapor-gas  generator  reactor.  Here,  since  the  per-second  flows 
of  components  Into  the  reactor  are  determined  for  practical  purposes 
by  the  pressure  of  the  gas  fed  from  the  accximulator  Into  the  hydrogen- 
peroxide  and  permanganate  teuxks  through  the  pressure  reducer,  the 
pressure  5md  flow  rate  of  the  vapor  gas  from  the  reactor  to  the  TWA 
turbine  are  regulated  by  the  pressure  reducer. 

The  A-4  engine’s  liquid- catalyst  hydrogen- peroxide  vapor-gas 
generator  has  the  following  specifications: 

1)  working  components:  SOJ^by- weight  HgOg  and  28$^- by- weight 
NaMnOj^ 

2)  component  flow  rate:  2.035  kg/sec  for  the  hydrogen  peroxide 
and  0.165  kg/sec  for  the  sodium  permanganate 

3)  parameters  of  vapor  gas  produced:  pressure,  28  atm  abs; 
temperature,  380±40°C 

4)  output  of  vapor  gas  generator,  2.2  kg/sec 

5)  operating  period,  60  sec 

6)  total  weight  of  components  In  tanks  of  Installation:  169  kg 
of  hydrogen  peroxide  and  l4  kg  of  sodium  permanganate 

7)  geometrical  dimensions  of  reactor:  volume,  2.3  liters; 
dl5uneter,  115  mm;  length,  200  mm 

8)  dry  weight  of  entire  unit  72  kg 

Calculations  for  Solid-Catalyst  Hydrogen-Peroxide  Vapor-Qas  Generator 

Vapor-gas  generators  In  which  hydrogen  peroxide  Is  decomposed 
by  a  separate  catalyst  are  simple  In  design  and  economical  and  de¬ 
pendable  In  operation. 

Since  the  solid  catalyst  Is  placed  directly  In  the  reactor  In 
this  POO,  It  Is  no  longer  necessary  to  use  a  series  of  automatlc- 
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control  valves  and  other  elements  that  are  present  In  the  liquld- 
calalyst  POO. 

Hydrogen  peroxide  at  an  80-82$^  concentration  by  weight  Is  also 
used  In  this  case  to  produce  vapor  gas. 

Solid  catalysts  are  characterized  by  their 

1)  activity  (vigor  of  reaction),  l.e.,  by  the  quantity  of  hydro¬ 
gen  peroxide  that  can  be  decomposed  by  one  kilogram  of  catalyst  In 
one  second; 

2)  total  yield  (total  operating  margin),  l.e.,  the  quemtlty  of 
hydrogen  peroxide  that  can  be  decomposed  by  one  kilogram  of  catalyst 
before  the  latter's  catalytic  properties  are  fully  exhausted; 

3)  mechanical  coheslvaiess  under  operating  conditions. 

It  Is  an  extremely  difficult  problem  to  prepare  a  solid  catalyst 
for  hydrogen  peroxide;  It  must  decompose  hydrogen  peroxide  rapidly, 
retain  Its  activity  for  a  long  period,  and  not  crumble.  This  last 
property  Is  extremely  Important,  since  the  vapor  gas  flowing  out  of 
the  reactor  at  high  velocity  may  quickly  break  the  catalyst  down  Into 
small  particles  that  accelerate  wear  of  the  turbine  when  they  get 
Into  It. 

Some  of  the  best  solid  catalysts  used  by  the  Germans  for  ZhRD 
during  the  Second  World  War  were  made  of  porous  porcelain  that  had 
been  Impregnated  with  solutions  of  calcium  permanganate  or  potassium 
chromate. 

A  catalyst  consisting  of  nickel  chloride  NlClg,  cobalt  chloride 
CoClg,  barium  permangemate  Ba(Mn02|)g,  and  barium  bichromate  BaCrgO,^ 
has  also  been  used. 

With  a  pressure  of  23  atm  abs  In  the  vapor-gas  generator  reactor, 
1  kg  of  this  catalyst  can  decosqpose  about  0.13-0.2  kg  of  80$^by- 
welght  hydrogen  peroxide  In  one  second  and  has  a  total  yield  as  high 
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as  1800-2000  kg.<* 

Other  substances  (aqueous  solutions  of  the  permanganate  KNnO^j 

soda)  can  also  be  used  as  catalysts  for  hydrogen  peroxide. 

Solid  catalysts  for  hydrogen  peroxide  may  take  the  form  of 
ceramic  cubes  or  plates  Impregnated  with  the  appropriate  catalytic 
substances,  or  special  briquettes  produced  by  pressforming  £und  sub¬ 
sequent  sintering  of  the  appropriate  substances  (following  powder- 
metallurgical  practice ) . 

Metallic  lead  or  Iron,  aluminum,  copper  and  other  metals  In 
powdered  form  may  be  used  as  binding  agents  for  the  briquettes  (cata¬ 
lyst  vehicles).  Potassium  nitrate  KNO^,  boric  acid  cobalt  oxide 

COgO^,  and  nickel  oxide  Nl^O^,  which  are  simultaneously  hydrogen- 
peroxide  catalysts,  are  added  to  the  mixture  to  raise  the  porosity 
of  the  briquettes. 

In  the  presence  of  a  solid  catalyst,  the  hydrogen  peroxide  decom¬ 
poses,  evolving  heat  In  accordance  with  the  equations: 

a)  In  the  case  of  lOOJ^  concentration  by  weight, 

H2O2  ~  ^2®  ( water )+0. 502+23,450  kcal/kmole; 

b)  In  the  case  of  a  concentration  by  weight, 

— m„^)H20  (water )+0,502, 

where  mpgj,  is  the  number  of  kmoles  of  water  In  1  kmole  of  hydrogen 
peroxide,  as  determined  by  the  formula 

^  _j;h£000 — kmole/lfleele. 

♦Voprosy  raketnoy  tekhnlkl.  No.  3,  1958,  IL. 
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The  weight  of  the  decomposition  products  of  1  kmole  of  hydrogen 
peroxide  at  concentration  Is 

~ — kmole /kmole 

®»*p  •■•p 

Anhydrous  100^  hydrogen  peroxide  consists  of  5*9^  hydrogen  and 
94. IJ^  oxygen  by  weight.  Almost  half  of  this  oxygen  remains  bound  to 
the  hydrogen  In  the  form  of  water. 

The  quantity  of  heat  evolved  on  decomposition  of  1  kg  of  hydrogen 
peroxide  Is,  according  to  the  equation  of  the  reaction, 

koal/kg  (10.61) 

where  is  the  concentration  of  the  hydrogen  peroxide  by  weight. 

This  heat  Is  expended  on  heating  and  vaporizing  the  water  of  the 
components  and  in  heating  the  vapor  gas  that  Is  formed.  As  the  hydrogen 
peroxide  concentration  declines,  the  temperature  of  the  resulting  vapor 
gas  also  diminishes,  since  this  Increases  the  amount  of  heat  spent  In 
evaporating  the  water. 

Consequently,  the  following  are  formed  on  decomposition  of  1  kg 
of  lOOJ^-by -weight  hydrogen  peroxide: 

1)  Water  vapor 


2)  Caseous  oxygen 

^  *0.<72  kg-  47^ H 

and  the  amount  of  heat  evolved 


<?iiu<iw»)-690  kcal/kg 
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while  decomposition  of  1  kg  of  hydrogen  peroxide  of  concentration 

by  weight  gives  correspondingly 

*l‘^O,(I00*)  *  (^~®nep)  — l~0,0p472«,,pkg- 

kg^ 

^•h*“Q»«i(i«»«)9b,p  kcal/kg 

where  Is  the  peroxide  concentration  expressed  In  weight  units. 

The  quantity  of  heat  (lOOJ^)  adequate  to  vaporize  the 

water  of  the  components  at  a  pressure  of  1  atm  abs  and  raise  the 
temperature  of  the  resulting  vapor  gas  nearly  to  960°C  (Pig.  10.16). 

The  heat  of  decomposition  of  hydrogen  peroxide  Increases  linearly  from 
zero  (pure  water)  to  690  kcal/kg  (lOOJ^  ^2^2^' 

At  first,  this  heat  Is  expended  on  heating  the  liquid,  but  then, 
beginning  at  a  concentration  of  13'55^  HgOg,  It  goes  to  vaporize  the 
water.  At  a  peroxide  concentration  of  64. 5%,  the  quantity  of  heat 
evolved  Is  adequate  to  vaporize  the  liquid  completely,  l.e.,  to  form 
a  dry  saturated  vapor.  From  this  point  on,  the  heat  of  decomposition 
of  the  peroxide  Is  further  expended  In  heating  the  vapor  gas.  When 
HgOg  Is  used,  the  temperature  of  the  vapor  gas  at  a  pressure  of  1  atm 
abs  Is  about  460°C. 

When  a  solid  catalyst  Is  used,  a  vapor  gas  at  a  rigidly  determined 
temperature  may  be  obtained  simply  by  varying  the  hydrogen  peroxide 
concentration;  this  Is  one  of  the  merits  of  this  catalyst. 

Figure  10.17  shows  a  diagram  of  the  temperature  and  heat  content 
of  the  vapor  gas  as  functions  of  the  hydrogen  peroxide  concentration 
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and  the  pressure  in  the  reactor. 

This  diagram  can  be  used  In  designing  hydrogen -peroxide  vapor- 
gas  generators. 

Figure  10.18  shows  the  thermodynamic  decomposition  characteris¬ 
tic  of  hydrogen  peroxide  HgOg  for  various  concentrations  and  solid  and 
liquid  catalysts.*  The  liquid  catalyst  referred  to  here  Is  sodium  per¬ 
manganate  NaMnO^  at  a  concentration  »  O.35. 

The  curves  of  this  figure  Indicate  that  a  hydrogen  peroxide  con¬ 
centration  Opgj,  =  0.7  to  1.0  ensures  a  vapor-gas  temperature  range  all 
the  way  up  to  the  maximum  permissible  at  the  present  time  for  gas 
turbines.  Use  of  the  solid  catalyst  Is  preferable. 

Figure  lOv 19  shows  tht  results  of  calculatlOft  for  the  deboA*' 
position  of  ethylene  oxide  at  various  pressures  In  the  reactor 

chamber. *  The  curves  of  this  figure  show  that  the  temperature  of  the 
gaseous  mixture  can  be  tolerated  by  contemporary  turbines,  while  the 
parameter  which  characterizes  the  work  capacity  of  1  kg  of  gas. 

Is  quite  large.  This  Is  also  characteristic  for  other  liquid  single - 
component  fuels;  hydrazine  NgH^,  Isopropyl  nitrate  C2H.^0N0g,  and  others. 

If  the  vapor -format Ion  process  In  the  reactor  Is  to  proceed  nor¬ 
mally,  It  Is  necessary  to  h^ve  the  appropriate  reactor  volume,  the 
optimum  value  for  which  can  be  determined  only  be  experiment.  It  has 
been  established  that  1  liter  of  reactor  volume  can  decompose  about 
1  kg  of  805^  hydrogen  peroxide  per  second  with  excellent  completion. 
Approximately  65-755^  of  this  volume  Is  filled  by  the  solid  catalyst. 

The  design  and  layout  of  the  nozzles  for  Injection  of  the  hydrogen 
peroxide,  the  placement  of  the  catalyst  with  respect  to  the  nozzles, 

*Izvestlya  vysshlkh  uchebnykh  zavedenly  MVO  SSSR  (Bull.  Higher  Educ. 
Inst.  Ministry  of  Higher  Education  USSR),  Avlatslonnaya  tekhnlka 
(Aviation  Engineering),  No.  1,  Kazan',  1938. 
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Fig.  10.16.  Physicochemical  characteris¬ 


tics  of  hydrogen  peroxide  at  a  pressure  of 
1  atm  abs  and  different  concentrations  by 
weight.  1)  temperature  of  vapor  gas  in  °C; 

2)  concentration  of  HgOg  in  ^  by  weight; 

3)  gas  constant  in  kg -m/kg -®C;  4)  weight 
fraction  of  HgO  and  0^  in  5)  liquid; 

6)  partial  evaporation;  7)  p  =  1  atm  abs; 

8)  superheating;  9)  free  energjy  of  vapor, 
9o8°C;  10)  heat  of  formation;  11)  weight 
fraction  of  HgO;  12)  gas  constant;  13)  heat 


of  decomposition;  l4)  weight  fraction  of 
Og;  15)  decomposition  temperature;  I6) 


enthalpy  51*1;  17)  heat  of  decomposition  In 
kcal/kg. 


and  other  factors  Influence  the  reactor  volume. 

Ihe  design  of  the  reactor  and  the  placement  of  the  catalyst  pack¬ 
age  may  strongly  Influence  both  the  hydrogen  peroxide  deconqposltlon 
process  and  the  total  yield  from  the  catalyst. 

nie  catalyst's  working  life  may  be  Increased  by  appropriate  place¬ 
ment  of  steel  screens  In  the  reactor  to  protect  the  catalyst  from 
erosion  by  hydrogen  peroxide  when  the  latter  Is  Injected  Into  the  re¬ 
actor  and  prevent  grains  from  being  entrained  by  the  stream  of  vapor 
gas.  Moreover,  the  screens  present  an  additional  catalyzation  surface. 
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Pig.  10.17.  Temperature  and  heat  content  of  vapor  gas  as  function  of 
hydrogen  peroxide  concentration  and  pressure  In  reactor.  1)  hydrogen 
peroxide  concentration;  2)  heat  content  In  kcalAs;  3)  P  »  250  atm  abs. 


The  weight  of  the  required  solid-catalyst  package  for  a  given 
POO  yield  may  be  determined  by  the  formula. 


Where  0  Is  the  quantity  of  vapor  gas  formed  in  kg/sec  and  S-,  Is  the 
pemlsslble  per-second  hydrogen  peroxide  load  for  1  kg  of  solid  catalyst 
in  kg/sec/kg  (when  hydrogen  peroxide  of  80f(  concentration  by  weight  Is 
used,  certain  contemporary  catalysts  tolerate  »  2.5  to  2.8  kg/sec/kg; 
their  Sg  for  full  stable -performance  margins  at  the  480®C  temperature 
of  the  vapor  gas  formed  Is  about  6OO  to  700  kg/sec/kg). 

To  ensure  normal  operation  of  the  POP  during  the  specified  period 
of  time  It  Is  necessary  to  observe  the  condition 


(10.63) 
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Pig.  10.18.  Thermodynamic 
characterlBtlca  of  decompo¬ 
sition  products  of  HgOg  for 


different  concentrations  by 
weight  and  with  solid  and 
liquid  catalysts,  l)  solid 
catalyst;  2)  liquid  catalyst; 
3)  4)  a  , kg/kg. 


Pig.  10.19.  Thermodynamic 
characteristics  of  deccnnpo- 
sltlon  products  of  CgH^^O  for 

different  chamber  pressures. 
1)  kg-niAg”C;  2)  atmospheres. 


The  volume  of  the  catalyst 
package  Is  determined  by  the  formula 

(10.64) 

Tut 

Where  Is  the  loose -bulk  weight 

of  the  solid  catalyst  In  kg/llter; 
for  certain  existing  catalysts. 


"^kat  *  1.3  to  1.4  kg/llter. 


The  geometrical  dimensions  of 
the  catalyst  package  are  determined 
from  the  condition  that  the  ratio  of 
Its  length  to  Its  diameter  dj^^ 

must  be  equal  to  0.7  -  1.  The  thick¬ 
ness  of  the  solid-catalyst  layer  In 
the  POO  must  not  be  smaller  than 
70  mm.  The  remaining  dimensions  of 
the  reactor  are  determined  on  the 
basis  of  design,  considerations. 

The  volume  of  the  total  hydrogen- 
peroxide  reserve  Is  determined  by  the 
formula 


(10.65) 


where  Ypgj.  specific  gravity  of  the  hydrogen  peroxide  and  depends 

on  temperature;  It  may  be  taken  from  the  diagram  or  table  for  purposes 
of  calculation. 

The  values  for  the  quantities  of  components  to  be  used  In  the  PQQ 
may  be  used  as  a  basis  for  ccmiputlng  the  tank  volumes  required  for 
them. 
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Knowing  the  vapor-gas  pressure  at  entry  Into  the  turbine,  we  may 
determine  the  pressure  necessary  to  feed  the  working  components  Into 
the  POG  reactor  and  make  the  calculations  for  Its  units  (the  gas  bottle 
and  pressure  reducer  In  the  case  of  gas -bottle  feed  of  the  hydrogen 
peroxide  or  the  pxanp  In  the  case  of  pump  feed). 

SECTION  8.  TWO -COMPONENT  ZhRD  GAS  GENERATORS 

The  first  highly  original  and  dependable  two-component  gas  genera¬ 
tor  was  designed  and  built  In  the  USSR  In  1937.  This  gas  generator  pro¬ 
duced  a  gas  at  a  pressure  of  20  —  25  atm  abs  as  a  result  of  combustion 
of  kerosene  with  nitric  acid  and  water  Injection  Into  the  products  with 
the  object  of  lowering  their  temperature  to  450  -  550°C  (see  Pig.  10.5). 

The  basic  drawback  to  a  QQ  of  this  type  Is  the  high  temperature  of 
the  vapor  gas  formed  on  combustion  of  a  fuel  of  stoichiometric  compo¬ 
sition.  The  greatest  difficulty  encovintered  In  practice  Is  In  control¬ 
ling  the  temperature  of  the  gas  by  Injection  of  water  Into  It. 

It  may  be  most  convenient  to  feed  the  TNA  turbine  with  hot  gases 
obtained  In  a  two-component  gas  generator  from  the  basic  fuel  compo¬ 
nents  with  a  lower  excess  oxidizer  ratio  (with  the  object  of  produclhg 
a  gas  at  a  temperature  admissible  for  the  turbine  lathes). 

After  operating  the  turbine,  a  gas  produced  In  this  manner  can 
either  be  exhausted  directly  Into  the  environment  or  burned  to  the  op¬ 
timum  fuel -component  proportions  In  the  engine  chamber. 

In  this  case  the  turbine  can  be  given  Its  Initial  twist  when 
the  engine  Is  to  be  started  at  the  expense  of  the  energy  of  gases  from 
a  combustible  powder  charge  or  that  of  compressed  air.  For  this  purpose, 
the  reserve  of  powder  charge  must  be  selected  In  such  a  way  that  the 
Inflow  of  vapor  gas  from  the  ^  will  attain  Its  calculated  value  at  the 
Instant  at  vrtilch  the  work  of  the  powder  chamber  has  been  completed. 

The  merits  of  the  equipped  with  a  two-component  JJg,  consists 
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In  the  facts  that 

1)  there  are  no  auxiliary  fuel  components  for  production'"  of  the 
gas,  so  that  we  may  dispense  with  tanks  to  hold  them  and  their  feed 
and  control  systems;  this  simplifies  the  design  of  the  engine  and 
lowers  Its  cost; 

2)  It  Is  possible  to  produce  a  vapor  gas  at  a  temperature  that  can 
be  safely  tolerated  by  the  working  turbine  blades  (in  the  reuige  from 

650  to  900°c); 

3)  the  gas  can  be  burned  efficiently  In  the  combustion  chamber 
after  passage  through  the  TNA  turbine,  thus  raising  the  engine's  opera¬ 
ting  economy  and,  consequently,  all  other  things  equal.  Increasing  the 
range  of  the  missile. 

These  advantages  are  also  Inherent  to  ZhRD  with  gg  operating  on  one 
of  the  fuel  components. 

The  following  specifications  are  set  forth  for  two-component  gas 
generators  In  ZhRD  fuel-feed  systems: 

1)  the  highest  possible  specific  work  capacity,  which  Is  character¬ 
ized  by  the  parameter  Rj^Tj^  of  the  gas  produced: 

2)  unlfonnlty  of  the  temperature  field  across  the  chamber  cross 
section; 

3)  minimum  amounts  of  solid  phase  (soot  and  coke)  In  the  gas  pro¬ 
duced; 

4)  simplicity  of  design  and  the  shortest  possible  gas-generator 
chamber  length. 

A  distinctive  feature  of  the  two-component  ss  Is  the  fact  that  It 
operates  at  very  small  excess  oxidizer  ratios  In  the  fuel  with  the  ob¬ 
ject  of  producing  a  gas  at  a  temperature  that  can  be  safely  tolerated 
by  the  turbine  blades. 
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For  alloy-steel  turbine  blades,  a  temperature  of  about  800°C  can 
be  regarded  as  a  safe  working  level.  Approximate  calculations  Indicate 
that  this  gas  temperature  can  be  obtained  In  practice  with  fuel  mixture 
ratios  of  the  order  of  x  »  0*7  to  1.0.  Under  these  conditions,  the  gas 
Is  a  mixture  of  fuel -combustion  products  and  excess -combustible  decom¬ 
position  products. 

The  kinetics  of  the  process  taking  place  In  two -component  gg  has 
been  Illuminated  only  to  a  very  slight  extent  in  the  literature.  The 
process  of  gas  generation  In  a  two-component  gas  generator  can  be 
broken  down  roughly  Into  two  basic  processes  that  unfold  simultaneously 
and  therefore  somehow  Influence  one  another;  the  process  of  fuel  com¬ 
bustion  and  the  cracking  process  of  the  hydrocarbons. 

In  setting  up  the  working  process  In  this  OQ,  It  Is  necessary  to 
try  to  make  the  chemical  reaction  In  the  chamber  sufficiently  long  for 
evaporation  of  the  fuel  components  and  their  decomposition  into  light¬ 
er  hydrocarbons,  without  liberation  of  large  quantities  of  soot  and 
coke  In  the  gas.  The  completeness  of  the  combustible  's  reaction  with 
the  oxidizer  depends  basically  on  the  temperature  and  time  Involved  In 
the  chemical  reaction.  For  this  reason,  the  problem  of  the  time  taken 
by  the  working  process  In  the  gas  generator  Is  of  central  Importance. 

The  production  in  the  ^  S®®  specified  or  selected 

temperature  and  the  highest  possible  gas  constant  (specific  work 
capacity  is  highly  Important.  Naturally,  the  gas  constant  of 

the  gas  formed  will  have  Its  maximum  only  at  a  fully  determined  stay 
time  of  the  fuel  In  the  gas-generator  chamber.  If  the  fuel  droplet  has 
a  short  stay  time  In  the  chamber.  It  will  not  be  able  to  vaporize  com¬ 
pletely,  and  If  this  time  Is  excessively  long,  soot,  heavy  gums,  and 
coke  will  form  from  the  combustible  vapors,  and  this  will  lower  the 
gas  constant  of  the  gas  produced.  Moreover,  the  gas  may  contain  a 
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significant  quantity  of  hydrocarbons  that  are  liquid  under  standard 
conditions,  while  no  hydrocarbons  other  than  methane  are  observed  in 
the  gas  according  to  the  normal  thermodynamic  calculation. 

This  indicates  that  there  is  not  sufficient  time  for  establishment 
of  chemical  equlllbrliam  in  the  combustion  products  in  a  two-component 
gas  generator.  The  gas  temperature  is  also  nonuniform  over  the  gas- 
generator  chamber  cross  section. 

In  working  out  a  QQ  design,  it  is  necessary  to  attempt  to  create 
the  most  uniform  possible  temperature  field  over  the  cross  section  of 
the  chamber,  particularly  in  zones  with  large  combustible  excesses, 
since  local  high -temperature  foci  in  these  zones  will  contribute  to 
more  rapid  precipitation  of  soot.  Formation  of  heavy  gums  and  coke  is 
possible  when  the  temperature  field  is  smoothed  out. 

Thfe  following  basic  problems  must  be  resolved  in  designing  a  two- 
component  gas  generator  and  making  the  calculations  for  it: 

1)  selection  of  an  expedient  design  layout  for  the  gas  generator; 

2)  selection  of  the  working  pressure  in  the  gas-generator  chamber 
and  the  necessary  fuel -component  proportions; 

3)  thermodynamic  calculation  of  the  gas -generator  chamber; 

4)  design  for  mixture  formation  in  the  chamber; 

3)  determination  of  the  basic  geometrical  dimensions  of  the  chamber; 

6)  design  of  the  fuel  injectors; 

7)  determination  of  the  vaporization  time  and  trajectories  of  the 
droplets  in  the  chamber. 

The  physical  design  of  two-component  00  depends  on  the  schematic 
diagram  adopted  for  the  working  process  in  the  gas-generator  chamber 
and  is  similar  in  many  respects  to  that  of  the  combustion  chamber  of 
an  ordinary 

The  gas  pressure  in  the  gas-generator  chamber  is  determined  with 
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consideration  of  the  TNA  turbine  's 
operating  economy,  the  weight  of  the 
design,  the  stability  of  combustion 
In  the  chamber,  and  the  dynamic 
stability  of  the  operating  regime 
for  the  engine  as  a  whole.  The  gas 
pressure  In  the  combustion  chambers 
of  existing  two -component  ZhRD  gas 

O 

generators  attains  30  -  50  kg/cm  . 

Two  practically  possible  and 
fundamentally  different  systems  are 
known  at  the  present  time  for  setting 
up  the  working  process  In  a  two- 
component  gas  generator;  these  also  differ  In  physical  design. 

The  combustion  of  fuel  In  a  two-component  gas  generator  may  take 
place  In  one  stage  or  In  two  stages  -  In  the  zones  of  primary  and 
secondary  mixing  of  the  components. * 

In  this  connection,  we  may  draw  a  distinction  between  the  follov:lng 
basic  design  layouts  of  the  two-component  gas  generator: 

1)  the  the  design  of  which  Is  analagous  to  that  of  an 

ordinary  In  which  the  fuel  components  are  fed  Into  the  chamber 

only  at  the  head  end  (Fig.  10.20); 

2)  The  00;^,  which  Is  characterized  by  the  fact  that  the  combusti¬ 
ble  Is  fed  Into  the  chamber  partly  through  the  head  with  an  excess 
oxidizer  ratio  •  0.4  to  0.6  and  partly  through  a  peripheral  belt 
located  approximately  halfway  down  the  chamber  length,  with  a  view  to 
making  the  over-all  excess  oxidizer  ratio 

*  D.  Satton.  Raketnyye  dvlgatell  (Rocket  engines),  IL,  1950. 


Fig.  10.20.  Schematic  dia¬ 
gram  of  chamber  of  two- 
component  vapor-gas  genera¬ 
tor.  1)  oxidizer;  2)  combus¬ 
tible;  3)  vapor  gas. 


-  763  - 


the  exit  of  the  gas  from  the  chamber 
(Pig.  10.21). 

Since  combustion  of  the  fuel  at 
a  small  excess  oxidizer  ratio  Is 
characteristic  for  two -component  QQ, 
the  use  of  the  Is  advisable  only 

for  easily  vaporized  and  easily  In¬ 
flammable  fuel  components.  Ignition 
and  combustion  of  which  does  not  re¬ 
quire  a  large  quantity  of  heat  or  a 
high  temperature.  These  fuels  Include 
Tonka-250+805g  of  985^  HNO^  and  20$^  N202^ 

as  well  as  ethyl  alcohol+llquld  oxygen. 
The  OQ-A  oaa  operate  dependably  with 
a  -  0.10  to  0.25.  Thli  gas  generator 
Is  not  suitable  for  fuel  components 
of  the  type  kerosene+nltrlc  acid  or 


Pig.  10.21.  Schematic  dla-  iphg  OG-A  caa  operate  dependably  with 

gram  of  turbopump  fuel -feed  —  - 

system  with  two-component  a  *  o.lO  to  0.25.  ThU  gas  generator 

vapor-gas  generator.  1;  0x1- 

dlzer  tank;  2)  combustible  suitable  for  fuel  components 

tank;  3)  flow -control  valve: 

4)  gas-generator  chamber;  5)  of  the  type  kerosene+nltrlc  acid  or 
follow-up  mechanism  of  PQO  's 

fuel .^nlxture -ratio  controller;  Its  derivatives. 

6)  flow-speed  measuring  unit; 

7)  control  valve;  8)  pumps  for  The  basic  drawback  to  such  a  gas 

basic  fuel  components;  9)  vapor- 

gas  turbine;  10)  rpm  sensor;  11)  generator  Is  the  relatively  low 
follow-up  mechanism  of  rpm  con¬ 
troller;  12)  powder  chamber  with  temperature  throiighout  the  chamber 
electric  Initiator  for  twisting 

turbine  when  engine  Is  fired;  volume,  a  consequence  of  which  Is  that 
13)  engine  chamber. 

the  working  gas -generation  process 

ipjCMSttls  relatively  slowly,  and  a  large  chamber  volvime  Is  required  to 
produce  the  gas  at  the  specified  temperature.  For  this  reason,  moz>e 
favorable  conditions  for  the  polymerization  and  condensation  processes 
of  the  hydrocarbons  are  created  In  this  generator  than  prevail  In  the 


00^,  which  Is  a  highly  Inqportant  consideration. 
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The  most  suitable  design  layout  for  fuels  of  the  t3rpe  keroeene+ 
nitric  acid  or  Its  derivatives  Is  the  gas  generator.  In  the 

first  zone  of  this  generator's  chamber,  the  fuel  bums  at  a  tempera¬ 
ture  at  which  chemical  equilibrium  Is  established  In  the  fuel-com- 
bustlon  products  (of  the  order  of  1900-2200°C).  As  a  result,  the  fuel- 
combustion  process  proceeds  relatively  rapidly,  without  liberation  of 
soot  and  coke. 

As  these  combustion  products  approach  entry  Into  the  second  zone 
of  the  chamber,  a  certain  additional  quantity  of  water  or  combustible 
Is  fed  Into  them  with  the  result  that  a  gas  of  the  required  temperature 
Is  formed;  this  Is  then  fed  Into  the  engine's  fuel-feed  turbine.  It  may 
be  stated  as  a  simplified  presentation  that  as  the  additional  combusti¬ 
ble  vaporizes  and  decomposes  and  the  gas  proceeding  from  the  head  cools, 
the  chemical  reaction  between  this  gas  and  the  evaporation  and  decom¬ 
position  products  of  the  combustible  proceeds  so  rapidly  that  there  Is 
time  for  establishment  of  equilibrium  under  the  conditions  In  the 
chamber.  However,  this  continues  until  the  gas  temperature  has  de¬ 
creased  to  a  value  at  which  the  rate  of  the  above  chemical  reactions  Is 
so  slow  that  they  cannot  reach  equilibrium  under  the  operating  con¬ 
ditions  of  the  gas-generator  chamber.  The  chambers  of  both  types  of 
gas  generator  are  usually  cooled  by  one  of  the  fuel  components. 

At  the  present  time,  exact  thermodynamic  calculations  for  the 
working  process  In  the  chamber  of  a  two-component  gas  generator,  l.e., 
exact  determination  of  the  temperature  and  gas  constant  of  the  gas 
formed  at  the  end  of  the  chamber.  Is  Impossible  because  of  the  com¬ 
plexity  and  our  Inadequate  knowledge  of  the  combustion  kinetics  of 
fuels  at  low  excess  oxidizer  ratios. 

The  usual  method  of  thermodynamic  calculation  for  a  are  not 

applicable  for  the  two-component  gas  generator  because  chemical 
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equilibrium  Is  not  established  in  the  combustion  products  of  a  fuel 
with  a  very,  small  excess  oxidizer  ratio  (at  temperatures  below  1300  — 
-  1400®K. 

The  theoretical  specific  work  capacities  of  certain  liquid  fuels 
for  a  ~  0.15  €uid  Pj^  =  40  atm  abs  are  characterized  by  the  following 
values: 

Vk 


1)  Kerosene+985^  nitric  acid  (Tj^.  =  1155°K) . 63.75*lo2 

Z)  Same+SOjg  98$^  HNO^  and  20$^  NgO^^  (Tj^  =  ll65°K) . 65.20*lo3 

3)  Kerosene+60J^  of  98j^  HNO^  and  40$^  of  NgO^^  (Tj^  =  ll80°K). .  .66.65*10^ 

4)  Tonka-250+985g  nitric  acid  (Tj^  =  1205°K) . 67.35'lo3 

5)  Tonka -250+80J^  98$^  nitric  acid  and  20$^  NgO^^ . 68.90*10^ 

(Tj^  =  1220®K) 

6)  Tonka-2504€05g  98$^  HNO^  and  40$^  NgO^^  (Tj^  =  1235°K) . 70.45*lo3 

7)  Kerosene+llquld  oxygen  (Tj^  =  1250°K)  . 80.30*10^ 

8)  93*  55^  ethyl  alcohol+llquid  oxygen  (Tj^  =  1080°K) . 59.50*10^ 

Here,  Tj^  [°K]  is  the  calculated  theoretical  temperature  of  the  com¬ 
bust  lon*products  of  the  fuel  in  question. 


Figure  10.22  shows  values  of  the  theoretical  combustion  tempera¬ 
ture  Tj^  [°K]  and  the 
kerosene  and  nitric  acid  at  a  chamber  pressure  p^  =  40  atm  and  differ¬ 
ent  values  of  the  excess  oxidizer  ratio. 

The  curves  of  this  diagram  indicate  that  the  gas  temperature  in 
the  gas-generator  chamber  may  be  reduced  by  an  excess  of  combustible 
(a  <  1)  and  an  oxidizer  excess  (o  >  l).  For  small  a,  the  speci¬ 
fic  work  capacity  Rj^Tj^  of  the  gas  is  considerably  larger.  The  gaseous 
mixture  obtained  at  small  ai is  a> reducing  medlxun  thaaiisfssfahfor  the 
materials  of  the  engine,  while  the  combustion  products  obtained  with 
large  a  contain  much  free  oxidizer  that  is  active  with  respect  to  the 
materials.  Finally,  in  the  excess-combustible  zone  (a  <  0.3)»  the 
temperature  of  the  combustion  products  varies  less  intensively  with 
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parameter  of  the  combustion  products  of 


f 


1 


I 


t 


respect  to  a  than  In  the  excess -oxi¬ 
dizer  zone.  This  ensures  greater  safe¬ 
ty  for  the  turbine  blades  during  op¬ 
eration. 

The  picture  remains  fundamentally 
the  same  for  othetremBbtstlon-chamber 
pressures  because  of  the  total  absence 
of  thermal  dissociation  of  the  gases 
at  high  and  Its  low  rate  In  the  zone 
of  small  a. 

A  general  deficiency  of  the 
method  of  gas  generation  with  large  excesses  of  one  of  the  fuel  compo¬ 
nents  Is  Incomplete  utilization  of  the  fuel's  chemical  energy,  and  this 
Is  reflected  In  the  engine's  economy.  For  this  reason.  It  has  been 
suggested  that  a  system  be  used  In  which  the  working  fluid  Is  burned 
further  after  utilization  In  the  engine's  auxiliary  system.  Burnout  may 
be  accomplished  under  conditions  that  do  not  limit  the  combustion 
temperature.  * 

Figure  10.  23  shows  curves  of  as  a  function  of  a  when  water  Is 

used  to  lower  the  temperature  of  the  fuel-combustion  products  whose 
characteristics  are  shown  In  Fig.  10.22  to  llOO^C. 

In  this  figure,  the  upper  curve  Indicates  the  quantity  of  water 
required  when  It  Is  fed  Into  the  gas-generator  chamber  through  nozzles 
Installed  In  the  chamber  head,  while  the  lower  curve  Indicates  the  same 
figure  when  the  water  Is  fed  Into  the  fuel -combustion  products  as  they 
leave  the  chamber  on  their  way  to  the  point  of  application.  These  curves 
Indicate  that  for  a  given  temperature  depression  In  the  fuel -combustion 


Fig.  10. 22.  Thermodynamic 
characteristics  of  combustion 
products  of  kerosene  with 
nitric  acid  for  different  ex¬ 
cess  oxidizer  ratios 
Pj^  s  40  atmj  2)  kg -m/kg  C. 


I 

1 


*  Izvestlya  vysshlkh  uchebnykh  zavedenly  NVO  SSSR,  Avlatslonnaya  tekh- 
nlka.  No.  1,  Kazan',  1958. 


-  767  - 


products  (In  this  case^  to  1100®C),  the  required  water  flow  rate  Is 
smaller  when  It  is  fed  directly  Into  the  combustion  products.  The 
specific  work  capacities  Rj^Tj^  of  the  vapor  gases  formed  in  these  two 
water-lnJectlon  methods  are  practically  the  same  and  Increase  slightly 
when  a  fuel  with  a  small  excess  oxidizer  ratio  a  Is  employed;  this  Is 
accounted  for  by  the  formation  of  gases  with  low  molecular  weights. 


2  is - ^  - 

- 4v«0fl*K - - 

OJ - ^  — - 

Ofi  Ofi  Ifi  y  «t 

Fig.  10.23.  Thermodynamic 
characteristics  of  vapor 
gas  formed  In  combustion 
of  basic  fuel  with  various 
excess  oxidizer  ratios  cuid 
injection  of  water  to  lower 
the  temperature.  1)  kg-jn/kg®C; 

2)  kg  of  HgO/kg  of  fuel; 

3)  pj^  =  40  atm;  4)  =  1100°K. 


In  spite  of  the  difficulty  en¬ 
countered  here  In  producing  a  uni¬ 
form  and  stable  temperature  field  In 
the  vapor  gas  produced  and  the  com¬ 
plexity  of  the  system  controlling 
the  output  of  the  turbine  being  fed, 
there  exist  examples  of  practical 
application  of  th]?ee -component  gas 
generators. 

Operational  experience  with 
^RD  gas  generators  has  shown  that 
centrifugal  nozzles  are  advisable  for 
atomization  of  the  fuel  components. 


since  they  give  a  finer  and  more  uniform  spray.  The  finer  jund  more  uni¬ 
form  the  fuel-component  spray,  the  shorter  will  be  the  time  required 
for  vaporization  of  the  droplets.  For  a  given  temperature  In  the  00 
chamber,  this  time  must  not  exceed  the  time  required  for  formation  of 
soot  and  coke  from  the  deconqposltlon  products  of  the  vaporized  combuat- 
Ible. 

The  basic  geometrical  dimensions  of  a  two-component  gas  generator 
are  the  diameter  and  length  of  the  chamber.  The  diameter  of  the  cylin¬ 
drical  chamber  of  a  gas  generator  may  be  determined  approximately  from 
the  over-4ill  weight -flow  rate  of  the  fuel,  setting  Its  value 
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Q«  *  (1.0  to  1.1)  g/cm^-sec,  (10^66) 

where  Is  the  absolute  pressure  In  the  gas -generator  chamber  In 
o 

kg/cm  . 

Having  selected  a  value  for  the  weight -flow  rate  for  the  cylin¬ 
drical  QQ  chamber,  we  may  determine  the  diameter  of  this  chamber  by 
using  the  equation 


(10.67) 


where  G'  Is  the  fuel  flow  rate  In  the  gas-generator  chamber  In  g/sec. 

The  length  of  the  GG  chamber  must  be  such  that  the  processes  of 
evaporation  and  decomposition  of  fuel  components  will  have  time  to  go 
to  completion  In  It,  and  that  the  gas  consteuit  of  the  gas  obtained  at 
the  temperature  selected  for  It  will  be  maximal  (the  meixlmum  of  will 
probably  occur  at  the  end  of  complete  evaporation  of  the  fuel -component 
droplets). 

In  designing  the  engine,  the  length  of  the  GG  chamber  may  be  de¬ 
termined  by  the  appropriate  approximate  calculation  or  from  experi¬ 
mental  data.  A  stay  time  of  the  fuel  In  the  cheunber  In  the  range  from 
0.003  -  0.004  sec  may  be  used  for  this  purpose. 

It  may  be  assxuned  that  the  length  of  the  gas -generator  chamber 
should  not  exceed  250  -  350  ram  (In  cases  where  the  fuel  Is  fed  In  from 
the  head  end)  for  fuels  based  on  nitric  acid  or  Its  derivatives  when 
the  chamber  pressure  Is  about  30  -  50  atm  abs.  CaloulAtlons  Indicate 
that  about  0.3  -  0.5  kg  of  fuel  can  be  burned  with  adequate  complete¬ 
ness  In  1  liter  of  the  chamber  volume  of  a  two-component  gas  generator. 

The  centrifugal  nozzles  for  the  GO  are  designed  on  the  basis  of 
the  usual  theory,  which  was  discussed  earlier. 

The  strength  calculations  for  the  gas  generator  are  also  carried 
out  on  the  basis  of  the  familiar  theory. 
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The  fuel  components  may  be  fed  into  either  the  gas  generator  of 
a  turbopump  set  or  into  the  pressurizing  reactors  of  the  fuel  tanks 
through  nonreturn  valves  which,  in  addition  to  performing  their  direct 
functions,  also  serve  as  regulators  for  the  fuel  mixture  ratio  in  the 
combustible  and  oxidizer  pipelines.  In  addition  to  this,  the  nonreturn 
valves  prevent  entry  of  gas  into  the  pipelines  when  the  engine  is 
being  started  and  stopped. 

When  a  two-component  gas  generator  is  used,  the  fuel-feed 

system  may  consist  of  ^  exhaust  tube  terminating  in  a  nozzle, 

the  gas  generator,  a  nonreturn -valve  unit  with  throttling  disks,  a 
cons temt -pressure  valve,  pipelines  with  burst  membranes  at  their 
Joints  (in  some  cases),  plugs  euid  mounting  components. 

A  special  flow-and  pressure -regulating  system  of  the  same  type 
as  is  used  in  the  engine ‘s  program  mechanism  (thrust  regulator)  can  be 
employed  to  guarantee  constancy  in  the  operation  of  the  gas  generator. 
With  this  mechanism,  pressurization  of  the  fuel  tanks  does  not  depend 
on  the  engine's  operating  regime,  since  now  the  delivery  of  the  fuel 
components  into  the  tank  reactors  will  be  determined  by  the  pressure 
set  up  in  the  tank. 

It  should  be  noted  in  conclusion  that  the  most  desirable  gas- 
generatton  system  for  the  apparatus  will  be  the  one  that  couples  per¬ 
formance  of  its  functions  with  simpler  design,  lowest  possible  weight, 
and  higher  thermodynamic  efficiency  ~  the  latter  characterized  by  the 
parameter  of  the  gas  -  as  well  as  being  simpler  and  more 

dependable  to  operate  with,  etc.  The  higher  the  value  of  the 

smaller  will  be  the  reserve  of  auxiliary  fuel  required  to  generate 
the  gas  and  the  smaller  will  be  the  tank  volume  required  for  the  fuel 
and  the  weight  of  the  entire  system. 

Comparison  of  the  various  gas -gene rat ion  systems  as  regards  their 
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parameterB  for  the  same  working  pressures  and  temperatures  of  the 

gas  formed  indicates  that  the  method  of  gas  generation  with  high  ex¬ 
cess  oxidizer  ratios  has  the  lowest  thermodynamic  efficiency.  The 
efficiency  with  which  the  powder  gases  are  produced  is  almost  equiva¬ 
lent  to  that  of  forming  a  vapor  gas  from  80  -  905^-by -weight  hydrogen 
peroxide.  The  method  in  which  the  gas  is  produced  by  burning  the  basic 
fuel  components  at  high  temperature,  with  subsequent  depression  of  this 
temperature  to  the  required  limit  by  injecting  a  second  quantity  of 
water  into  the  gas  is  also  efficient.  However,  as  was  noted  above, 
this  method  has  not  been  mastered  adequately  in  practice  from  the  de¬ 
sign  suid  operations  standpoints.  Production  of  gas  from  the  basic  fuel 
components  with  small  excess  oxidizer  ratios  or  from  a  single -component 
liquid  fuel  of  the  ethylene -oxide  type  represents  the  most  efficient 
method.  In  practice,  these  two  gas-generation  methods  do  not  encounter 
fundamental  design  or  operational  difficulties. 

Since  the  operating  margin  of  a  ZhRD  turbine  is  not  large,  the  use 
of  a  gas  at  elevated  temperature  may  be  Justified  in  a  number  of  cases. 
A  higher-temperature  gas  can  be  produced  conveniently  from  the  basic 
fuel  components  with  a  low  excess  oxidizer  ratio  or  from  an  auxiliary 
single -component  liquid  fuel  having  good  operational  and  economy 
characteristics . 

SECTION  9.  DETERMINING  POWER  OP  ^  TURBINE  AND  PER-SECOND  PLOW  OP 
GAS  REQUIRED  TO  PEED  IT 

In  a  number  of  contemporary  the  fuel  is  fed  into  the  engine 

chamber  and  sometimes  even  into  the  gas  generator  of  the  fuel -feed 
system  by  means  of  centrifugal  pumps  driven  directly  from  the  gas 
turbine  and  differing  considerably  from  stationary  pumps  as  regards 
design,  quality  of  the  materials  from  which  they  are  nmnufactured,  and 
precision  and  care  in  manufacture.  The  turbine  is  usiially  installed 
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between  the  main  centrifugal  pumps  and  on  a  common  shaft  with  them. 

Depending  on  the  schematic  diagram  adopted  for  the  Zh^,  the 
fuel  pumps  may  either  service  only  the  engine  chamber.  In  which  case 
the  fuel-feed  system's  gas  generator  has  Its  own  feed  system  (as  In 
the  A-4  engine)  or  service  the  engine  chamber  and  the  fuel-feed  system's 
gas  generator  simultaneously.  The  turbopump  set  and  gas  generator  can 
also  service  several  chambers  simultaneously. 

The  power  of  the  turbines  to  drive  the  fuel  pumps  of  the  engine's 
fuel-feed  system  Is  determined  by  the  total  output  required  from  the 
pumps,  l.e. , 

(10.68) 

where  N  ^  and  N  ^  are  the  required  powers  for  the  combustible  and 
n. g  n. o 

oxidizer  pumps,  respectively. 

The  powers  required  for  the  fuel  pumps  are  determined  by  the 
following  formulas: 

l)  In  the  case  of  fuel  feed  only  Into  the  engine  chamber  euid  ex¬ 
haust  of  the  turbine  gases  Into  the  atmosphere, 

kgm/seo  (10.69) 


kgm/sec  (10. 70) 

2)  In  the  case  of  fuel  feed  simultaneously  Into  the  chamber  and 
a  two-component  gas  generator  and  exhaust  of  the  turbine  gases  Into 
the  atmosphere. 


*[Sub8orlpt8: T  ■  t  ■  turblna  ■  turbine;  H.r.  >  n.g.  ■  nasoe  goryuchego 
“  coabuatlble  pump;  h.o  «  n.  o  «■  naaos  oklalltelya  ■  oxidizer  puaqp.  J 
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where  Q_„  and  0^^  are  the  flow  rates  of  the  combustible  and  oxidizer 
sg  so 

Into  the  engine  chamber  In  kg/sec,  Q^g  and  are  the  corresponding 
rates  Into  the  gas  generator  of  the  engine's  fuel-feed  system,  .7  and 

O 

are  the  specific  gravities  of  the  combustible  and  oxidizer,  g 
and  Tj^  Q  are  the  efficiencies  of  the  pumps  feeding  the  combustible 
and  oxidizer,  and  Ap^^  g  and  Ap^  ^  are  the  heads  developed  by  these 
pumps,  which  are  computed,  respectively,  as 


here,  p^  Is  the  gas  pressure  in  the  engine's  combustion  chamber,  Ap 

«•  s>p>g 

and  Ap„  „  «  are  overall  pressure  gradients  for  the  combustible  and  ox- 

B  «  P  •  U 

Idlzer  In  the  engine's  feed  system  (APj.  In  the  Injectors, 

the  cooling  passages,  ^P^^,  In  the  pipelines,  Apj^^^  In  the  valves  and 

throttling  disks,  etc.)#  and  p„_  _  and  p,„  ^  are  the  combustible  and 

VB • 5  VB • O 

oxidizer  Intake  pressures  at  the  pumps  (the  heads  In  the  tanks  holding 
the  fuel  components). 

Single-stage  centrifugal  fuel  pimps  used  In  existing  have 
•T^  g  *  0.45  to  0.70  and  *  0. 56  to  0.75*  For  low-thrust  aviation 
engines,  —  0. 3  to  0.4. 

The  pump  efficiencies  must  be  specified  on  the  basis  of  statistical 

*[Sub8crlptst  c.n.r  -  z.p.g  «  summamyy  perepad,  goryucheye  «  total 
gradient,  combustible;  sc.r  «  vs.g  >  vsaslvanlye,  gozTuchepe  >  Intake, 
oonbuatlble;  c.n.o«8. p. o  «  summarnyy  perepad,  oklslltel'  «  total 
gradient,  oxidizer;  sc.o  >  vs.o  •  vsaslvanlye,  oklslltel'  e  Intake, 
oxldlser.  ] 
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data  In  tbe  design  of  engine  TNA» 

The  feed  pressure  necessary  to  force  a  given  fuel  component  Into 
the  engine  combustion  chamber  Is  expressed  by  the  following  formula 
In  the  case  of  a  pump-fed  system: 


Pm  =Pm  +  +Pmt‘  (10.73) 

The  fuel  flow  rate  Into  the  TNA  turbine  of  the  engine's  fuel- 
feed  system  may  be  determined  from  the  turbine  power  eqqatlon 

;  AM27ti,G, WgnutMff  = 

l.e.  t 

kg/j^c  (10.74) 

where  tj^  Is  the  relative  net  efficiency  of  the  turbine,  which  la 
determined  by  thermodynamic  calculation;  usually,  «  0.35  to  0.50. 

Is  the  energy -content  drop  In  1  kg  of  gas  In  the  turbine.  In 
kcal/kg,  as  determined  by  the  formulas 

“  Vi[l  ~(*)  *  ]  itoal  Ag; 

here,  1^^  and  Ig  are  the  energy  contents  of  the  gas  at  entry  Into  the 
turbine  and  at  exit  from  It,  respectively; ; these  values  may  be  taken 
from  the  tabulated  calculations  for  combustion  and  equilibrium  of  flow 
of  the  products  of  combustion  under  the  conditions  specified  for  the 
fuel  In  question;  R-j^  euid  T^  are  the  gas  constant  and  absolute  tempera¬ 
ture  of  the  gas  at  the  entry  into  the  turbine,  p^^  and  Pg  are  the 
pressures  of  the  gas  at  entry  Into  the  turbine  and  exit  from  It,  In 
atmospheres  absolute,  and  c^  Is  the  average  heat  capacity  of  the 
gas  at  constant  pressure.  In  kcalAg^C. 
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The  quantity  of  hydrogen  peroxide  of  the  specified  weight  con¬ 
centration  required  to  operate  the  fuel -feed  system  depends  basically 
on  the  pressure  In  the  engine's  combustion  chamber  and  the  specific 
gravity  of  the  fuel  to  be  fed. 

Figure  10.24  shows  curves  for  approximate  evaluation  of  the  amount 
of  805^  hydrogen  peroxide  consigned  per  kilogram  of  basic  fuel  In  the 
engine  as  a  function  of  combustion-chamber  pressures  and  the  specific 
gravity  of  the  fuel. 

If  there  Is  a  constant -pressure  valve  for  the  gas  In  the  fuel- 
feed  system^  the  consumption  of  fuel  In  the  gas  generator  Is  determined 
by  the  formula 

+  kg/sec  *  (10.75) 

where  6  =  *  0.1  Is  the  fraction  of  Jhe  gas  deflected  by  the 

valve  Into  the  exhaust  pipe  of  the  turbine  and  Is  the  quantity 
of  gas  deflected  through  the  constant -pressure  valve  In  kg/sec. 

The  gas  spent  In  the  turbine  enters  the  nozzle  of  the  exhaust 
pipe  at  a  pressure  that  sets  up  critical  conditions  for  Its  outflow 
In  the  nozzle  throat.  As  a  result,  the  turbine  operates  at  constant 
gas  pressure  at  Its  Intake  and  outlet  and,  consequently,  at  a  constant 
power  that  does  not  depend  on  flight  altitude. 

The  type  of  fuel  pumps  and  their  operating  modes  are  selected  for 
a  ZhRD  In  the  design  stage  on  the  basis  of  analysis  of  rpm  factor  and 
weight  and  cavitation  characteristics,  taking  Into  account  the  speci¬ 
fications  set  forth  for  the  pumps  (high  efficiency,  low  weight  and 
small  dimensions,  operational  reliability,  etc.). 

Proper  selection  of  the  fuel -pump  type  €uid  Its  characteristics 
will  ensure  nozmial  operation  of  the  ^lA  and  the  engine  as  a  whole. 
♦[Subscript  Type*  turb  »  turblna  =  turbine.  ) 
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Fig.  10.24.  Required  consumption  of  80^-by- 
welght  hydrogen  peroxide  to  feed  1  kg  of 
fuel  Into  engine  combustion  chamber,  as  a 
function  of  combustion-chamber  pressure  and 
specific  gravity  of  fuel  delivered.  1)  kg  of 
HgOg  per  kg/sec  of  fuel;  2)  specific  gravity 

of  fuel  -  0.9;  3)  atm  abs. 


SECTION  10.  CHARACTERISTICS  OP  ZhRD  POEL-PEED  SYSTEM  TURBINES  AND 
SPECIAL  POINTS  FOR  THHr  DESIGN 


The  following  basic  specifications  are  set  forth  for  the  turbo¬ 
pump  set  of  a  Z|^  fuel-feed  system: 

1)  good  pickup  on  starting  (ability  to  come  up  to  the  operating 
regime  rapidly  and  smoothly); 

2)  stability  In  feeding  the  fuel  components  Into  the  combustion 
chamber  at  the  specified  composition; 

3)  high  efficiency  and  operational  dependability; 

4)  simplicity  of  design; 

5)  minimal  weight  and  dimensions. 

The  efficiency  of  the  turbine  depends  basically  on  Its  power,  the 
available  vapor-gas  heat  difference,  number  of  rpm's  and  other  factors. 

Since  the  efficiency  of  the  turbine  Is  almost  directly  proportion¬ 
al  to  Its  number  of  rpm's,  it  Is  advisable  to  design  the  pump  for  the 
highest  possible  speed  (up  to  40,000  rpm).  However,  with  the  object  of 
achieving  design  simplicity  and  reducing  weight,  the  turbine  is 
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frequently  mounted  on  the  same  shaft  with  the  centrifugal  pumps.  This 
makes  It  necessary  to  reduce  the  turbine's  rpm  from  the  value  optimal 
from  the  viewpoint  of  Its  efficiency  to  the  relatively  low  optimum 
pump  speed  corresponding  to  cavltatlon-free  operation  of  the  latter. 

The  turbine  then  operates  uneconomlcally  with  a  sharply  depressed 
efficiency,  with  the  result  that  almost  one .«aAd -one -half  times  as  much 
working  fluid  Is  required  to  operate  It. 

High  turbine  efficiency  can  be  achieved  by  appropriate  selection 
of  Its  operating  and  design  parameters  and  careful  finishing  of  the 
nozzle  and  working  blades,  as  well  as  by  appropriate  selection  of  Its 
basic  dimensions,  clearances  In  the  working  parts,  etc. 

Dependable  turbine  operation  Is  Insured  primarily  by  the  use  of 
materials  that  resist  h^gh  temperature  and  creep  for  the  nozzle  blades 
and  for  the  working  blades  In  particular. 

The  disks  of  the  bladed  wheel  and  the  casing  of  a  TljJA  turbine  are 
sometimes  made  from  aluminum  alloy  for  low  working-gas  temperatures. 

In  this  case,  only  the  Intake  pipe,  the  shaft,  euid  a  certain  number  of 
minor  parts  are  made  of  steel.  Cast  Iron  and  carbon  steels  can  be  used 
for  the  nozzles  of  turbines  for  one-time  use. 

Since  the  basic  turbopump-fed  Z^D  used  In  long-range  missiles 
actually  operate  only  for  short  times,  the  economy  of  m  -turbine ' 
operation  Is  not  of  essential  Importance.  In  this  case,  the  prime  fact¬ 
ors  are  simplicity  of  design,  low  specific  weight  and  operational  de¬ 
pendability. 

Naturally,  the  gas -generator  unit  of  the  ZhRD's  feed  system  must 
then  be  simple  In  design,  compact,  and  lightweight. 

Vfhlle  the  weight  of  a  pressure -fed  fuel -feed  system  depends  basic¬ 
ally  on  the  reserve  of  fuel  components  carried  In  the  tanks  (on  the 
operating  time  and  thrust  of  the  engine),  the  weight  of  a  turbopump- 
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fed  fuel  system  Is  basically  determined  by  engine  thrust  and  the  feed 
pressure  displacing  the  fuel  components  Into  the  engine's  combustion 
chamber.  The  weight  of  the  TNA  also  depends  on  the  number  of  turbine 
rpm's,  the  properties  of  the  fuel  components,  the  material  of  which 
the  components  of  the  turbopump  set  are  made,  and  the  mission  of  the 
vehicle. 

The  weight  of  a  ZhRD  turbopump  set  for  dne-tlme  operation  can  be 
determined  approximately  from  the  formula 

0iHA“(fl  +  4!Pi.)0;.  (10.76) 

where  Pj^  Is  the  combustion -chamber  pressure,  Is  the  flow  rate  of 
the  fuel  Into  the  chamber,  euid  a,b,  and  v  are  statistical  coefficients 
for  which  values  of  a  *  4  to  5>  b  *  O.O65  and  v  »  0.5  may  be  assumed 
for  orientational  calculations. 

The  parameters  of  the  turbine  depend  on  Its  power,  the  parameters 
of  the  working  fluid,  the  method  by  which  It  Is  produced,  and  the 
manner  In  which  It  Is  used  In  the  engine. 

The  working  principle  and  design  of  turbines  to  be  used  to  drlte 
fuel  pumps  In  ZhRD  are  almost  the  same  as  those  of  ordinary  steam  and 
gas  turbines,  detailed  Information  concerning  which  can  be  found  In 
the  general  handbooks  for  gas  and  steam  turbines. 

The  turbine  Is  designed  for  a  definite  set  of  theoretical  oper¬ 
ating  conditions.  The  highest  operating  economy  of  the  turbine 
corresponds  to  this  regime. 

The  Initial  data  for  design  of  the  turbine  are  the  following: 

1)  the  turbine's  power  In  the  theoretical  regime  and  its  number 
of  rimt's; 

2)  the  per-second  flow  of  the  vapor  gas  Into  the  turbine,  stnd 
Its  Initial  and  final  parameters  (pressure,  temperature). 

-778- 


The  design  of  the  turbine  reduces  to  determination  of  its  flow 
sections,  the  dimensions  of  the  nozzle  blades  and  main  wheel.  Its 
overall  dimensions,  etc.  These  dimensions  are  usually  fixed  In  such 
a  way  as  to  ensure  the  specified  turbine  power  with  a  minimal  vapor- 
gas  consiunptlon  and  small  over-all  turbine  dimensions. 

The  theoretical  operating  regime  of  the  turbine  characterizes  Its 
most  favorable  working  cycle.  On  changes  In  the  flow  rate  of  the 
vapor  gas  Into  the  turbine  or  In  Its  Initial  parameters  (pressure, 
temperature),  the  turbine's  economy  of  operation  will  deteriorate, 
since  It  will  not  be  operating  under  the  calculated  conditions. 

normally  use  single-  or  two- 
stage  turbines  with  one  pressure  stage 
and  two  velocity  stages.  This  turbine  Is 
simple  In  design  and  has  a  low  specific 
weight  (per  horsepower),  as  compared  with 
other  turbine  types.  Two-ring  turbines 
frequently  have  about  ten-fifteen  per  cent 
reaction  for  more  uniform  loading  of  the 
working  blades  on  the  two  rings  of  the 
wheel . 

The  slant  angles  of  the  turbine  nozzles 
are  usually  selected  In  such  a  way  as  to 
deliver  optimum  turbine  efficiency. 

The  height  of  the  working  blades  on 
the  wheels  of  modern  turbines  h^  =  15  to  28  mm,  while  the  ratio  of 
height  to  average  wheel  diameter,  h^/T)^^m0.05  to  0.12,  l.e.,  the 
blades  are  short  and  therefore  do  not  require  special  shaping  over 
their  length.  The  step  between  the  blades  Is  6  to  10  am  at  the 
average  wheel  diameter  (for  rotors  with  a  blade  assembly).  The  ratio 


Pig.  10.25.  Variation 
of  blade  efficiency  of 
single-ring  (curve  l), 
two -ring  (curve  2), 
and  three -ring  (curve 
3)  velocity  turbines 
as  a  function  of  vap- 
or-gas  velocity  with 
discharge  at  17°  euigle 
from  nozzle  onto  tur¬ 
bine  blades.  1)  tj  . * 


I 


Of  the  blade  step  to  blade  width  tBpAi*0*6  to  O.85.  In  operational 
turbines,  the  blades  are  secured  to  the  wheel  disc  by  T-shaped 
mounts. 

The  gaps  between  the  injector  apparatus  and  the  wheel  blades 
are  about  1.2-1. 5  nim.  The  gap  between  the  blade  faces  and  the 
turbine  housing  (for  unshrouded  blading)  is  0.15-0.4  mm. 

The  use  of  working  blades  that  are  unit -cast  with  the  rotor 
or  welded  to  it  may  considerably  simplify  the  process  of  manufac¬ 
turing  the  turbines. 

It  is  desirable  to  design  the  turbine  for  the  highest  possible 
efficiency  in  order  to  reduce  the  specific  consumption  of  vapor  gas 
in  the  turbine,  and  consequently  lower  its  specific  weight. 

As  we  know  from  the  theory  of  turbines,  the  efficiency  of 
a  velocity  turbine  attains  its  maximum  value  at  a  fully  defined 
ratio  u/cj^  of  the  circumferential  velocity  of  the  turbine  blades 
at  the  average  wheel  diameter  to  the  velocity  of  the  vapor  gas  at 
entry  onto  the  working  buckets  of  the  turbine  (Fig.  10.25)*  However, 
It  Is  impossible  to  use  this  most  favorable  velocity  ratio  In 
practice  because 

1)  of  the  deterioration  of  fuel-pump  operation  at  high  rpm’s 
(It  is  convenient  to  mount  the  turbine  and  centrifugal  pumps  on  a 
common  shaft,  without  using  reducing  gearing); 

2)  of  the  limited  ultimate  strength  of  the  materials  of  the 
moving  turbine  parts  when  they  operate  at  high  temperatures; 

3)  of  the  necessity  of  reducing  the  dimensions  and  weight  of 
the  turbine. 

For  these  reasons,  the  fuel-system  turbines  of  modem  Zl^  are 
usually  made  to  have  efficiencies  T)^aK}.30  to  O.50  at  a  velocity  ratio 
u/c^«0.10  to  0.15*  As  an  exanqple,  the  turbine  of  the  A-4  engine  has 
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u/cj^ai  0.1.  The  circumferential  speed  u  of  a  turbine  may  reach 
15O-250  m/sec. 

The  use  of  three  gas-velocity  stages  In  the  turbine  enables  us 
to  raise  its  efficiency  slightly  over  that  of  the  two- ring  type  and 
reduce  the  specific  consumption  of  gas  In  It.  However «  this  Is  accom¬ 
panied  by  an  Increase  In  weight  and  design  cost  of  the  turbine,  euid 
this  Is  not  always  expedient  because  of  the  short  period  of  time 
during  which  the  fuel-feed  system  operates. 

The  velocity  at  which  the  gas  Is  discharged  from  the  turbine 's 
nozzle  apparatus  Is  Increased  by  Increasing  the  heat  difference  of 
the  gas  In  the  turbine  by  raising  the  pressure  or  temperature  at 
entry  or  using  a  fuel  with  a  high  heat  yield  for  the  gas  generator, 
but  the  power  gained  when  this  is  done  Is  Insignificant  because  the 
efficiency  of  the  turbine  must  be  lowered  to  maintain  the  adopted 
ratio  u/cj^  and  the  design  is  usually  complicated. 

Consequently,  no  significant  gain  Is  achieved  by  raising'  the 
gas  temperature  at  entry  Into  the  turbine,  while  the  low  temperature 
of  the  gases  (380-500°C)  permits  extensive  use  of  aluminum  In  manu¬ 
facturing  the  turbine  auid  thereby  saves  a  significant  amount  of 
weight  and  reduces  the  chances  of  failure  and  warping  of  the  compo¬ 
nents. 

No  warmup  period  Is  permitted  for  turbines.  When  the  full 

flow  rate  of  hot  gas  suddenly  bursts  Into  the  turbine,  severe  thermal 
shock  and  temperature  strains  may  arise  In  Its  components,  emd  this 
raises  the  probability  of  detrimental  friction  of  the  moving  parts 
of  the  turbine. 

The  time  taken  by  the  TNA  unit  and  the  2-component  gas  generator 
to  come  up  to  the  operating  regime  (attain  the  specified  TNA  shaft 
rpm's)  may  amount  to  2  sec. 
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The  advantages  connected  with  higher  turbine  efficiency  and, 
consequently,  with  lower  gas  constjmptlon  In  It,  can  be  realized  only 
provided  that  the  design  of  the  turbopiunp  set  admits  of  high  circum¬ 
ferential  velocities  of  the  turbine  blades,  e.  g. ,  on  Introduction  of 
a  cooled  reducing  gear  between  the  turbine  and  the  piunps  or  with  the 
use  of  pumps  having  high  shaft  rpm's.  However,  this  measure  compli¬ 
cates  the  design  of  the  turbopump. set,  lowers  Its  operational  rellabll 
Ity,  and  raises  Its  weight  and  cost.  In  addition  to  Involving  an 
additional  loss  In  driving  It. 

Having  selected  the  turbine  type  for  the  pump  drive  axid  estab¬ 
lished  the  optimum  velocity  i?atlo  u/c^=a  for  It  on  consideration  of 
the  appropriate  factors,  we  may  determine  the  wheel-blade  circumfer¬ 
ential  velocity  of  the  turbine  being  designed,  1.  e. ,  u=aaCj^  m/sec. 

Knowing  the  clrciomferentlal  velocity  of  the  turbine  blades  and 
having  determined  Its  number  of  rpm  n,  we  can  determine  the  average 
wheel  diameter  for  the  turbine  by  the  familiar  formula 


(10.77) 


Certain  aluminum-alloy  turbines  used  In  modern  ZhRD  have  clr- 
cianferentlal  blade  velocities  (at  the  average  wheel  diameter)  of 
about  150  m/sec  with  vapor-gas  temperatures  In  the  range  from 
400-450°C. 

In  the  single-shaft  TNA  system,  the  optimum  turbine  x*pm's  must 
be  selected  with  consideration  of  the  cavitation  characteristics  of 
the  combustible  and  oxidizer  pumps;  the  determining  factor  Is  the 
oxidizer  pvunp. 

The  turbines  of  contemporary  ZWD  have  n»3000  to  10,000  rpm  and 
higher.  The  niunber  of  turbine  rpm's  Is  established  on  the  basis 
of  determination  of  the  maximum  rpm's  of  the  pvimp  that  Is  most  dan- 
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gerous  from  the  viewpoint  of  cavitation. 

Since  the  total  time  during  which  the  turjDopump  set  of  a  fuel- 
feed  system  operates  in  military  systems  is  relatively  short,  the 
Influence  of  creep  and  fatigue  in  the  structural  materials  can,  in 
many  cases,  be  disregarded  in  the  design  work  and  the  gas  tempera-' 
ture  at  entry  into  the  turbine  and  the  circumferential  blade  velocity 
Increased  over  the  values  adopted  for  ordinary  turbines  designed  for 
prolonged  operation. 

Installation  of  the  turbine  between  the  fuel  pumps  on  a  common 
shaft  with  them  encounters  various  design  and  operational  difficul¬ 
ties  in  certain  cases.  For  example,  one  of  the  p\unps  in  engines  of 
the  A-4  long-range  missile  supplies  low-temperature  (.-183®C)  liquid 
oxygen. 

In  this  case,  it  is  necessary  to  provide  not  only  heat  insulation 
between  the  heated  turbine  and  the  liquid  oxygen,  but  also  dependable 
sealing,  in  order  to  prevent  penetration  of  the  basic  fuel  components 
of  the  engine  into  the  turbine  housing. 

The  vibration  problems  encountered  with  ZhRD  turbines  are  more 
complex  than  in  the  case  of  ordinary  stationary  turbines  as  a  result 
of  their  proximity  to  the  exceptionally  powerful  vibration  source 
represented  by  the  proper.  As  a  result,  it  is  necessary  that  the 

TNA  *s  critical  rpm  figure  not  only  differ  from  its  working  speed,  but 
also  correspond  to  the  lower  segment  of  the  engine's  amplitude -fre¬ 
quency  vibration  spectrum. 

For  high-thrust  ZhRD  and  engines  operating  at  high  combustion- 
chamber  pressures,  it  will  probably  be  expedient  to  use 
reducing -gear  type  (Fig.  10.26),  since  it  is  beneficial  to  raise  the 
number  of  turbine  rpm's  at  optimum  centrifugal -pump  rixn's  in  the  case 
of  high-powered  ZhRD. 


Fig.  10.26.  Diagram  of  SUjA  with 
reducing -^ear  tranamlaslon  to 
pumps,  l)  gas  turbine;  2)  reduc¬ 
ing  gear;  3)  oxidizer  piimp;  4) 
combustible  pump.  fresh  gas; 
B)  oxidizer;  C)  spent  gas;  D) 
combustible;  E)  fuel  components 
to  engine  combustion  chamber. 


Velocity  regulators  (see  Pig. 
10.21,  Item  11)  are  normally  em¬ 
ployed  to  control  the  number  of 
TNA  rpm's.  The  rotary  speed  of 
the  TNA  shaft  may  be  held  con¬ 
stant;  for  this  purpose,  the 
regulator's  control  signal  should 
be  made  proportional  to  shaft 
speed  or  varied  In  such  a  way 
that  the  feed  pressure  of  the 
fuel  components  Into  the  engine 
chamber  will  remain  constant. 

In  the  latter  case,  the  control 
signal  should  be  proportional 


to  feed  pressure. 

Table  10.3  shows  the  basic  specifications  of  the  TM  used  In 
the  A-4  engine,  which  developed  a  thrust  of  25  tons  at  the  surface 
(Fig.  10.27)^  while  Table  10.4  lists  the  materials  used  to  fabricate 
the  same  turbopump. 


TABLE  10.3 

Basic  Specifications  of  TNA  of  A-4  Engine 


l)XipaicTepNCTiiKH  H  pacieraiie 
jiNaue  MciieifTos  THA 

D  2) 
PaSMCpfcoCTk 

3) 

AMMUe 

T  5) 

4y  naporasoaaa  rypSHaa 

Thh  tv^hhu 

1 

1 

OjiaoxiiCKOMUl  xByxae- 
aeaaM  aaraaiMa  c  nap- 
aaMMUM  noxaoAOM  iia- 
porasa  (Taaa  Kepracc) 

7)  MoUNOCTb 

B)  Ji-  c. 

465 

9)  Macao  oteporoa 

lA)o<i/MHa 

3600 

11)  Padoaai  raa 

—  J 

'2)npoxyaTy  paaaoxcaaa 
OOH.a^ 
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TABLE  10.3  (continued) 


13f)  PackOA  naporau 

25}  jlaiacHHe  naporaaa  aa  ixuae  a  Tvp- 
*  (teajr 

17)  To  ace  aa  auxoxe  aa  Typtfaau 
28)  naporua  aa  aaoxa  ■ 

19)  Koi^anaeaT  noaesaoro  xeicraaa 

20)  CpexaaA  xaaaerp  aoaeca 

22)  KoaaaecTBo  conaoatn  ceraearoa 
24}  ■  conea  a  ccrueBTe 

napaaaauocta 
‘'2di  Buoora  coaaa 
27)  Ulapaaa  coaaa 


^28)  KoaMiecTBO  pa^aax  aoaaroK  a  oa- 

HON  acaac 

29)  P<3Mepii  pateaax  aoaaroK 

'  Htapaaa 

30)  aucora  A|ic» 

30a)  K.^ 

30b) 

^ 

3tid)  AjaMi 

32)Ular  aeacjiy  pateaHaa  aonaTxaMa 

32) Topueaoft  saaop  Mcacay  pateaaNa 
•  aonaraaMN 

33) AHaMeTp  aaaa  Typtfaaw  y  xacKf 

34)  ^^y*"***  XMaaetp  xopayca  typ* 

35) Hapy]KHaa  tnHpaaa  aopoyca 

36)  aanoaaeHHa  TypSaau 
'  ;K'Ta.i.ioN  npa  yaeabiioa  aece 

2700  «ca/ac3 

37)  ec  TVpOHHIl 


ii^)Kt|eeK 
L6)  **/'■** 


2l)a,a» 

23  )  IDT. 

21)mm 


0.32 

447 

4 

4 

0.884 

11.8 

38 

177 


39)  Hacoc  jaaropioaero 

44  npoHaaoxNTeaaaocTa  MVf/frr 

4#  Aaaacaae  noxaaa 

4v,  Aaaaeaae  aa  acacMaaaaa 

4j;  MowNcra  7)4. 

5#  «Iacao  oOopoToo  SlK""" 

511  KoaOOaaaeaT  aoaeaaoro  xcIcTaBa  — 

51  laaiMTp  KpMaaaaraa  21)  mm 

5A  KoaaaccTao  aonactel  c^waaeanca  ^)  idt. 


T)a  c. 
dl^/aaa 


75  H  tTHaoaoro  cnapra 
1)+25h  H,0 

864 
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TABLE  10.3  ( c  ont inued ) 


5%  NCJNTIMb 

VaejibHwfi  Bee  ropniero  npM  —183°  C 
npOHSBOAHTeJIbllOCTb 
4v);iaBjieHHC  iftAaBa 
*9)1  IBBCHHe  HI  KMUBaMM 
451  MooiROCTb 
54^  Hncjo  060pOT0B 
59.  Koi^aHCMT  nojemoro  xeflcTBNi 

52  AlUIICTp  KpUJbBBrKM 

5C  I^MRBecTBo  Bonacreft  KpuabBarim 
5y  Wow*  Bcc  TMA 


55)»  acoc  aaa  oaHCJHTeaa 


5jj  *</«* 

!f )  Ktlejfl 

7)  aV 

Otf/MHB 

1)  MM 

3)  «. 

8)  *a 


))KHaKNl  KHcaopoa 
1140 
00.3 
17.5 
•  2.1 
100 
3800 
0.06 
082 
7 

110 


ij  Characteristics  and  theoretical  data  of  elements;  2)  dimen¬ 
sions;  3)  specifications;  4)  vapor-gas  turbine;  5)  type  of  turbine; 
6)  single-disk  two-row  velocity  turbine  with  peu^tlal  vapor-gas 
supply  (Curtis  type);  7)  power;  8)  horsepower;  9)  rotary  speed; 

10)  rpm;  11)  working  gas;  12)  decomposition  products  of  oOff  HgOg; 

13)  vapor-gas  consungitlon:  l4)  kg/sec:  15)  vapor- gas  pressure  at 
entrance  into  turbine;  16)  kg/cm^^;  17)  same,  at  exit  from  turbine; 
18)  vapor-gas  tenperature  at  entrance  into  turbine;  19)  efficiency; 
20)  average  wheel  diameter;  21)  mm;  22)  number  of  nozzle  segments; 
23)  units;  24)  number  of  nozzles  in  segment;  25)  degree  pf  partlalT 
ity*;  26)  nozzle  height;  27)  nozzle  width;  28)  number  of  working 
buckets  in  one  row;  29)  dimensions  of  working  buckets:  width; 

30)  height  =  hg^yjeh^  30a)  \  30b)  30c)  h2vkh* 

30d)  hg^yj^^  [Subscripts:  H  =  n  =  nasos  =  pump;  sx  =  vkh  =  vkhod  = 

=s  entrance;  bhx  =  vykh  =  vykhod  =  exit.];  31)  step  between  working 
buckets  (blades);  32)  end  gap  between  working  blades;  33)  diameter 
of  turbine  shaft  at  disk;  34)  outside  diameter  of  turbine  casing; 
35)  outside  width  of  casing;  36)  fill  factor  of  turbine  with  metal 
at  specific  gravity  of  2700  kg/m3;  37)  turbine  weight;  38)  Icgi 
39)  punip  for  combustible;  4o)  combustible;  4l)  755^  ethyl  alcohol  + 
+  255^  HoO;  42)  specific  gravity  of  combustible  at  15°C;  43)  kg/m3; 

C  Q 

44)  output:  45)  kg/sec;  46)  feed  pressure:  47)  kg/cm  ;  48)  Intake 
pressxire;  49)  power;  50)  rotary  speed;  5I)  rpni;  52)  efficiency; 

53)  Impeller  dleuneter;  54)  number  of  Impeller  blades;  55)  punq?  for 
oxidizer;  56)  oxidizer;  57}  liquid  oxygen;  58)  specific  gravity  of 
combustible  at  -l83°C;  59)  total  weight  of  TOIA, 


•[literal  rendition.] 
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TABLE  10.4. 

Materials  of  A-4  Engine  ^A 


X)  AcTaaH  THA 

npOBaOCTb 
BB  paapiiB 
Kticjfi 

3)  .  XBUBBceua 

xapaKrepHCTHKa  lUTepHaaa 

iiiTM  itopoyca  Typ6HMw,  micocob  m 

2000 

5) 

AaioiiHMHeBul  cnaaBt 

ox  bpWabBBTOK 

io-^I3n  si 
0.2-0.5N  Me 
03-0,7m  Mb 

6)nOKOaiUI  AHCKI  rypOHHH 


7)Pa0O1HC  JOBITICH  TypOMHU 


411.  flOJTH 


H^Con40BoA  annapar  TypflMan 
j^^jnoaiuHnHNKH  mcaopoxBoro  aacoea 


2490 


6300 


9 


1^) 

2 


1790  ^^AjinUKHiieaiiifl  cnaaa: 

2,0-2.5H  Me 
I,0-.2,0M  Mil 
0,0--0.2»i  Sb 
klatoMHHHeauA  cnaaa: 
0.5-1, 5H  Me 
0.5-I.Sh  Si 
O^-t-UM  Mn 
CraaK 

ft45HC  • 
1(0  Menee  O^IM  P  n  S 
2190  IJ  l^epul  ayryn 
—  2,i  .^NHaoBMcraa  Oponsa; 

.  aA  a&a 


18—26K  Pb 
03N  Sb 
0.3h  Sn 
ocraakHoe  Cu 


I)  TNA  part;  2)  tensile  strength,  kg/cm  ;  3)  chemical  characterlza- 
tlon“of  material;  4)  cast  casing  of  turbine,  pumps,  and  their  Impel¬ 
lers;  5)  aluminum  alloy;  6)  turblne-dlsk  forging;  7)  working  turbine 
buckets;  8)  shafts  and  bolts;  9)  steel;  lOj  less  than  O.IJ^  P  and  S; 

II)  turbine  nozzle  unit;  12)  gray  Iron;  13)  bearings  of  oxygen  pump; 
l4)  leaded  bronze;  15)  remainder  Cu. 


SECTION  11.  CHARACTERISTICS  OF  PUMPS  FOR  ZhRD  FUEL-FEED  SYSTEM  AND 
SPECIAL  POINTS  IN  THEIR  DESIGN 

The  design  of  pumps  that  are  simple  In  design,  small  In  size, 
and  reliable  In  operation  to  feed  combustible  and  oxidizer  Into  a 
ZhRD  chamber  Is  one  of  the  basic  problems  encountered  In  planning, 
building,  and  refining  these  engines.  Up  to  now,  the  literature  has 
cast  very  little  light  on  the  problems  of  designing  pumps  for 

Missile  ZhRD  normally  enploy  single-stage  centrifugal  pung)s  be¬ 
cause  of  their  small  dimensions,  light  weight,  and  satisfactory  opera¬ 
tion  at  high  rpm's  on  the  same  shaft  with  the  turbine;  high  pressures 


-787- 


^  Omtoi  lopmitt 
Y  BMutamn 


can  be  generated  and  large  quantities  of  liquid  fed  in  for  prolonged 
periods . 

During  operation  of  the  TOA,  an  axial  force  directed  toward  the 
entry  of  the  liquid  into  the  pvunp  arises  in  each  of  its  centrifugal 
p\unp  units,  since  the  fluid  pressure  is  not  the  same  on  the  front  and 
rear  siirfaces  of  the  working  wheel  of  each  punp.  To  reduce  the  axial 
forces,  it  is  necessary  to  place  the  pumps  of  a  single-shaft  TNA  on 
the  shaft  in  such  a  way  that  their  entry  ducts  will  be  directed  coxinter 
to  one  another  (toward  the  turbine,  as  in  the  A-4  engine,  or  away 
from  it,  as  with  the  "Walter”  engine) .  This  also  takes  into  considera¬ 
tion  a  slight  possible  axial  force  in  the  gas  turbine.  If  the  axial 
forces  of  the  TOA  are  not  completely  offset,  it  is  necessary  to  com¬ 
pensate  them  by  installing  a  thrust  bearing. 

The  general  techniques  of  planning  and  designing  ordinary-type 
centrifugal  pun^js  are  also  applicable  to  ZhRD  pumps.  The  basic  prob¬ 
lem  in  developing  centrifugal  pumps  for  engine  fuel-feed  systems  is 
that  of  creating  high-output,  lightweight,  and  miniature  designs. 

Simplicity  of  design  in  a  turbopun^)  set  makes  it  possible  to 
minimize  the  likelihood  of  failure  in  operation  and  simplify  work 
with  it,  while  small  dimensions  make  it  easier  to  adapt  the  unit  to 
the  engine,  since  the  spaces  reserved  for  its  installation  aboard 
the  missile  are  usually  quite  small. 

The  turbopunqp  set  must  possess  excellent  pickup  properties  and 
not  require  a  long  warmup  period;  it  must  come  up  to  the  design 
number  of  rpm's  (30-40  thousand)  in  one  second  or  an  even  shorter 
interval  of  time. 

Normally,  punps  do  not  require  special  starting  devices; 

in  starting,  the  fuel  conponents  can  be  moved  to  the  punqps  by  gravity 
feed  alone  or  under  the  static  pressvire  head  in  the  tanks. 
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The  necessary  feed  pressure  for  the  corresponding  pump  is  deter¬ 
mined  from  the  gas  pressure  In  the  combustion  chamber  and  the  hydraulic 
losses  In  the  pipelines  from  the  pump  to  the  combustion  chamber,  l.e., 

■  kg/cm^,*^  (10.78) 

The  following  basic  parameters  of  the  pump  are  used  In  making 
calculations  for  It  and  evaluating  Its  quality: 

1)  total  output 

0— ^  (10.79) 

2)  the  head  developed  by  the  pump, 

—  (10.80) 

7  ^ 

3)  the  pun?)  rotary  speed  n  in  rpm, 

where  0  Is  the  weight  output  of  the  pump  In  kg/sec,  y  Is  the  specific 

gravity  of  the  fluid  In  kg/m^,  Ap^  «  Pp-Pykh  “  ^k  Ppot’^vkh 
fluid  pressure  set  up  by  the  pun?>  in  kg/cm^;  here,  =  PB"Pst** 

the  fluid  pressure  at  entrance  Into  the  pump  and  p^^  Is  the  pressure 
of  the  column  of  fluid  in  the  tank. 


In  missile  ZhRD,  the  fuel  tanks 
are  normally  located  above  the  en¬ 
gine,  so  that  Pg^  Is  positive.  In 
aircraft  ZhgD,  the  fuel  tanks  may 
be  Installed  below  the  engine,  so 
that  Pg^  may  be  negative.  During  the 


Pig.  10.28.  Typical  variation 
of  H,  p^^,  Pg^.,  pg  and  k 

during  flight  of  missile. 


1)  P 


vkh' 


2)  Pg^;  3)  p. 


4)  Ap„;  5)  P, 


B* 


missile's  flight,  Pg^  varies  as  a 
result  of  the  decrease  In  the  liquid 
column  In  the  tank  as  the  fuel  Is 


p*  i'vkh;  necessary' 

T,  seconds.  consumed  and  as  a  result  of  longl- 

rSiAscrlpts:  n  p  s  podacha  feed;  k  »  k  =  kamera  »  chamber; 
noT  s  pot  s  poterl  »  losses.] 

**[ Subscript:  ct  =  st  =  stolb  =  column.] 
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tudlnal  acceleration  of  the  missile. 


As  a  result,  the  pressure  of  the  fuel  component  In  question 
in  front  of  the  pump  will  consist  of  the  static  pressure  of  the 


liquid  column  and  the  Inertial  force  of  the  same  column,  l.e., 

=//T(*+8ln9), 


(10.81) 


where  6  Is  the  Inclination  of  the  missile  to  the  horizon  during  flight 
and  k  =  j/g  Is  the  axial  overload  on  the  missile. 

Figure  10.28  shows  a  typical  variation  of  the  pressure  p^^  over 
the  operating  time  of  the  engine  aa  a  function  of  the  liquid  column 
In  the  taink  and  the  flight  acceleration  of  the  missile.  It  will  be 
seen  from  this  figure  that  the  minimum  liquid  pressure  p^^  in 
front  of  the  puitg)  will  occur  after  the  engine  Is  started;  It  will  be 
slightly  smaller  than  the  pressure  p^^  «  HqY  that  obtains  when 

the  engine  la  started.* 

Consequently,  It  Is  necessary  to  know  the  missile's  flight  tra¬ 
jectory  and  acceleration  In  order  to  determine  p^^  The  cavita¬ 

tion  calculations  for  the  pun?)  must  be  made  for  this  pressure. 

If  P  I  u  has  been  determined  In  the  cavitation  calcula- 

vkh.neobkh 

tlons  for  the  pump,  the  required  tank  pressure  Pg  must  be  such  that 
the  required  pressure  will  be  ensured  at  minimum  liquid-column 

pressure,  l.e.. 


(10.82) 


In  missiles  that  are  subject  to  large  accelerations,  such  as 
antiaircraft  missiles,  or  in  rocket-powered  Interceptor  aircraft, 
special  measures  should  be  taken  to  maintain  the  minimum  required 
liquid  head  for  the  punqp  Intake  (e.g..  Installation  of  ejectors  to 

*[ Subscript:  san  =  zap  =  zapusk  =  starting,  firing.] 

**[ Subscript:  HeoCx  =  neobkh  *  neobkhodlmyy  =  necessary.] 
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evacuate  ataam  and  air  bubbles  from  the  Intake  line  of  the  pump) . 

The  above  pump  parameters  Q,  H,  and  n,  taken  In  a  definite  com^ 
blnation,  give  a  similarity  criterion  for  the  pian^),  l.e.,  a  quantity 
that  determines  Its  basic  properties  Irrespective  of  the  absolute 
geometrical  parameters^  the  head,  and  the  number  of  rpm's. 

The  pump's  rpm  factor 

(10-83) 

is  such  a  similarity  criterion  for  a  centrifugal  pump. 

A  special  property  of  centrifugal  punqps  Is  their  very  small 

rpm  factor,  n„  «  15  to  90.  Specifically,  the  rpm  factor  of  the  alco- 
s 

hoi  centrifugal  puii?)s  of  the  A-4  engine  Is  n„  =  55>  and  that  of  the 

s 

oxygen  pump  Is  n_  =  82.7. 

D 

The  low  values  of  n„  are  responsible  for  the  very  low  efficiency 

s 

of  the  pump,  because  of  the  large  frictional  losses  that  take  place 
In  them  and  leakage  of  the  liquid  through  the  gaps  between  the  Im¬ 
peller  and  casing  of  the  pump.  OSie  size  of  the  gap  In  the  labyrinth 
packing  of  the  nltrlc-acld  pump  Is  usually  0.2  to  0.25  ram.  To  some 
extent,  the  hydraulic  losses  depend  on  the  case  with  which  the  sur¬ 
faces  of  the  punip  wheel  are  machined. 

The  design  output  Q  of  the  pump,  for  a  given  head  H  Is  usually 
fine-adjusted  by  Introducing  the  appropriate  resistance  In  the  form 
of  a  throttling  disk,  etc.,  into  the  puitq?  circuit.  It  Is  necessary 
to  regulate  the  head  and  output  of  the  pump  In  this  way  because  of 
the  tolerances  admitted  for  the  hydraulic  parameters  and  characteris¬ 
tics  of  the  pumps,  valves.  Injectors,  etc. 

The  characteristics  of  the  pvaap  for  various  rpm's  may  be  deter¬ 
mined  from  their  known  values  for  some  single  rpm  flgiire,  proceeding 
from  the  following  relationships:  liquid  flow  rate  Q  -  f(n),  head 
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H  =  f(n^),  and  power  =  f(n^),  where  f  is  a  function  dependent 
upon  the  design  of  the  pump. 

The  head,  liquid  flow  rate,  and  efficiency  of  the  pump  also 
depend  on  the  design  of  the  impeller,  the  shape  of  its  buckets,  and 
the  geometry  of  the  pump  casing. 

The  head  developed  by  a  centrifugal  pump  is  approximately  propor¬ 
tional  to  the  square  of  the  circumferential  velocity  Ug  at  the  outer 
diameter  Dg  of  the  pump  wheel: 

(10.84) 

Where  n  is  the  pump  shaft  rpm's. 

The  circumferential  velocity  of  the  centrifugal-pump  wheel  is 
limited  by  strength  considerations  and  usually  does  not  exceed  Ug  =  100 
to  200  nv^sec.  If  it  is  necessary  to  produce  laage  heads,  a  switch 
is  made  to  multiple-stage  centrifugal  pumps. 

Selection  of  the  rpm  figure  for  a  centrifugal  pump  is  a  rather 
complex  matter.  As  we  know,  raising  the  number  of  rpm's  of  a  pun^) 
of  this  type  has  a  favorable  Influence  on  the  design  of  the  entire 
turbopump  set,  since  it  results  in  a  decrease  in  its  dimensions  and 
weight  and  in  an  improvement  of  the  turbine's  operating  conditions 
(Increases  its  efficiency).  However,  raising  the  number  of  punq?  rpm's 
above  a  definite  limit  is  restricted  in  practice  by  the  phenomenon 
of  cavitation  under  a  given  set  of  punqp- operation  conditions,  l.e., 
by  vapor  formation  in  the  fluid  at  entry  into  the  pump,  since  the 
liquid  pressure  is  lowest  at  this  point  and  may  even  be  lower  than  the 
saturation  vapor  pressure  at  the  liquid  temperature  in  question. 

Cavitation  causes  fluctuations  in  punqp  output  and  makes  the 
engine's  operation  unstable  and  unseife,  since  it  may  result  in  severe 
vibrations  and  even  explosion  in  the  engine.  For  this  reason,  it  is 
not  permissible  to  operate  ZhRD  pumps  in  their  cavitation  regime. 


The  maximum  admissible  cavitation- free  number  of  rpm?s  for  a 


centrifugal  pump  Is  determined  by  the  formula 


_  Ckp  fpn—pg  \o,n 

Kv \  10  )  ,  ) 


(10.85) 


where  is  the  purap^s  experimental  critical  cavitation  coeffi¬ 

cient,  which  depends  on  the  hydraulic  characteristics  and  design  of 
the  en1fcr2uice  part  of  the  punp;  In  the  design  work.  It  may  be  evaluated 
approximately  on  the  basis  of  the  pump's  rpm  factor  n_: 

D 

f  »,—50-«-70  C|,«e00-*-760; 

70-1-80  750-^800 

80-H150  800-H1030 

150-1-303  lOOO-Hl20Qt 

«vkh  =  Pvkh/Y  is  the  liquid  head  at  entry  Into  the  punp.  In  meters, 

=  p„/y  Is  the  head  at  which  vapor  begins  to  form  In  the  liquid,  and 

S  0 

Pg  Is  the  saturated  vapor  pressure  at  the  liquid  temperature  In  ques¬ 
tion. 


This  formula  can  also  be  used  to  determine  the  head  necessary 
In. the  fuel  t«mk  to  ensure  cavitation- free  pump  operation  at  the  speci¬ 
fied  number  of  rpra's  n,  l.e.. 


or 


(10.86) 


where  y  Is  the  specific  gravity  of  the  fluid. 

In  making  the  cavitation  calculations,  therefore.  It  Is  neces¬ 
sary  to  know  the  saturation  vapor  pressure  p_  of  the  liquid  being 

0 

pumped,  since  the  lower  this  pressure,  the  easier  will  It  be  for 
cavitation  to  arise. 

The  pressure  p_  depends  on  the  nature  of  the  llqhld  and  Its  tern- 
s 

*l Subscript;  xp  =  kr  =  krltlcheskly  =  critical.] 
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perature.  As  the  temperature  increases,  p_  rises  sharply,  and  this 

must  be  taken  into  accovint  in  making  the  cavitation  calculations  for 

the  punqp.  In  the  calculations,  p_,  y,  and  Q  must  be  taken  for  a  tem- 

s 

perature  of  +50°C,  which  corresponds  to  the  worst  possible  operating 
conditions  of  the  pump.  Data  concerning  p„  as  a  fimction  of  tempera- 

D 

ture  are  normally  presented  in  courses  on  ZhRD  fuels  and  in  certain 
physics  and  chemistry  handbooks. 

It  follows  from  Expression  (10. 85)  that  the  maxlm\im  admissible 
number  of  pump  rpm's  will  be  smaller  for  the  oxidizer  pump  than  for 
the  combustible  pump,  since  the  oxidizer's  volume  flow  rate  will 
always  be  higher  than  that  of  the  combustible.  For  this  reason,  the 
number  of  rpm's  in  single-shaft  turbopump  sets  is  determined  by 
the  value  of  n^^^  for  the  oxidizer  pump. 

A  liquid  head  at  entrance  into  the  pvunp  is  usually  created  artifi¬ 
cially  in  the  tanks  of  pump- fed  ZhRD  in  order  to  raise  the  maximum 
admissible  number  of  pump  rpm's.  In  practice,  the  liquid  head  at 
entry  into  the  puit^  may  be  set  up  by  any  of  the  following  methods: 

1)  excess  pressure  in  the  tanks  due  to  the  velocity  head  of  the 
atmospheric  air; 

2)  by  pressurizing  the  tank  with  compressed  gas  from  special 
bottles  or  with  gas  produced  at  a  definite  pressure  in  a  special  gas 
generator; 

3)  by  injection  apparatus; 

4)  by  puDQJs. 

Figure  10.29  presents  schematic  diagrams  of  ZhRD  with  different 
methods  of  feeding  the  punQ>-set  turbine  and  pressurizing  the  fuel 
tanks. 

It  is  inefficient  to  pressurize  the  fuel  tcmks  by  means  of  the 
velocity  head.  In  practice,  the  head  is  most  simply  set  up  by  com- 
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pressed-alr  pres surlzaj; Ion,  although  this  Increases  the  weight  of 
the  system. 

If  special  gas  generators  are  used  to  pressurize  the  fuel  tanks, 
the  tanks  must  be  pressurized  with  compressed  air  before  these  genera¬ 
tors  go  Into  operation.  As  the  tank  pressurizing  pressure  rises  above 
the  established  value,  the  excess  of  |$lr  or  gas  must  be  released  Into 
the  atmosphere  through  a  safety  valve. 

It  may  be  found  efficient  to  pressurize  the  tanks  by  thejuse  of 
Injector  apparatus  and  screw  pumps.  However,  use  of  these  pumps  Is 
possible  only  provided  that  their  designs  ensure  cavltatlon-free 
operation  at  high  rpm's  of  the  main  pumps.  For  this  purpose  the  L, 

auxiliary  pump  must  have  either  a  special  design  (e.g.,  worm-type) 
or  a  lower  number  of  rpm's,  l.e.,  must  be  driven  off  the  turbine  via 
a  reducing  gear. 

Figure  10.30  shows  curves  of  the  maximum  pump  rpm  as  a  function 
of  Its  output  and  pressure  head,  as  computed  by  Formula  (10. 85)  for 
Cj^  =  560  and  a  liquid  with  a  specific  gravity  y  =  1000  kg/m^. 

The  curves  of  this  figure  Indicate  that  the  creation  of  high¬ 
speed,  hlgh-output  pun?)s  requires  large  liquid  heads  at  entrance 
Into  the  punip  (about  5  to  10  atmospheres) .  In  case  the  con5>onent 
flow  rates  are  moderate  (below  40-50  kg/sec),  however.  It  Is  obvious 
that  high-speed  pumps  (n  «  10,000  to  18,000  rpm)  may  be  used  with 
relatively  small  heads  (about  1  to  3  atmospheres). 

The  amount  of  pressurization  tolerated  Is  determined  by  the 
strength  of  the  lightweight  tank,  the  weight  of  the  gas  used  for 
pressurization,  and  the  weight  of  the  system  feeding  this  gas.  Since 
an  Increase  In  the  fuel-tank  pressurization  pressure  results  In  an 
Increase  In  the  weight  of  the  pressurization  system  with  the  gas,  and 
also  makes  It  necessary  to  build  stronger  and  relatively  heavy  fuel 
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Fig.  10.29.  Schemditlc  diagrams  of  ZhRD  with  Independent 
(a)  €md  dependent  (b)  pun^}-Bet  turbine  feed  and  fuel- 
tank  pressurization,  l)  Com^ressed-air  bottle;  2)  tank 
for  single- component  fuel  to  feed  gas  generator;  3)  main 
combustible  tank;  4)  oxidizer  tank;  9)  oxidizer  pump; 

6)  controllable  valve;  7)  engine  chamber;  8)  engine 
thrust  control;  9)  g&s  turbine;  10)  combustible  punqp; 

11)  nonreturn  valve;  12)  pressure  reducer;  13)  single¬ 
component  gas  generator;  l4)  control  main  for  starting 
engine;  13)  gate  valve;  l6)  two- component  gas  generator. 

tanks,  the  practice  of  raising  the  gas-pressurlzatlon  pressure  over 
the  tanks  must  not  be  abused  in  establishing  the  maximum  permissible 
pump  speed  for  a  ZhRD  because  It  may  result  In  a  general  Increase  In 
the  engine's  weight. 

Since  the  oxidizer  punp  is  more  liable  to  cavitation  than  the 
combustible  pump,  the  oxldlzer-tank  pressurization  pressure  must  be 
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Pig.  10.30.  Maximum  pump  speed  as  a  function  of  pressure 

head  and  liquid  flow  rate  through  pump.  1)  rpm; 

2)  PpQ(ip“Pa  =  10  atmospheres;  3)  specific  gravity  of 

liquid  y  =  1000  kg/m^;  4)  Q„,  kg/sec.* 

s 

larger  than  that  for  the  combustible  tank.  If  the  oxidizer  tank  Is 
located  In  the  nose  section  of  the  missile,  the  pressurization  pres¬ 
sure  must,  accordingly,  be  made  smaller  than  when  the  tank  Is  located 
near  the  engine  chamber,  because  part  of  the  pressure  at  entry  Into 
the  punp  can  be  obtained  from  the  pressure  of  the  liquid  column  In 
front  of  the  pump. 

Various  measures,  such  as  swirling  the  liquid  stream  at  entry 
Into  the  punp  Impeller  by  Installing  fixed  directing  blades.  Install¬ 
ing  an  auxiliary  screw  or  vane-wheel  booster  pump  In  front  of  the 
main  centrifugal  punp,  etc.,  are  usually  taken  to  Improve  pump  per¬ 
formance  and  raise  Its  speed  without  Incurring  an  excessive  Increase 
In  the  tank  pressurization  pressure. 

The  use  of  a  screw  pump  to  pressurize  the  fluid  In  front  of  the 
usual  centrifugal  pump  Is  of  considerable  Interest  (stable  operation 
of  this  this  pump  begins  only  at  9000-10,000  rpm;  below  these  speeds, 
the  pump  operates  unevenly,  with  pulsations) . 

Tests  of  a  screw  punp  showed  that  the  head  developed  by  It  Is 
*l Subscript:  noan  =  podp  =  podpora  =  boost.] 
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extremely  large  and  composes  approximately  30^^  of  the  total  head 
developed  by  this  group.  Installation  of  a  screw  pump  makes  It  possi¬ 
ble  to  reduce  the  weight  and  size  of  the  entire  unit  by  a  consider¬ 
able  margin.  Moreover,  It  becomes  possible  to  achieve  a  considerable 
Increase  In  the  diameter  of  the  Intake  pipelines  and  theteby  reduce 
the  losses  In  them  to  a  minimum.  This,  In  turn,  enables  us  to  mini¬ 
mize  the  heads  In  the  fuel  tanks.  The  velocity  of  the  fluid  at  entry 
Into  the  purr?)  Impeller  Is  usually  adjusted  between  3  and  6  m/sec, 
and  the  velocity  at  the  output  from  the  Impeller  Is  3-15  nv/sec. 

Since  the  use  of  certain  liquid  fuel  con^jonents  Involves  a  damger 
of  explosion  when  they  come  Into  contact  with  one  another,  special 
measures  must  be  taken  to  eliminate  leakage  of  fluid  through  the 
shaft  packings  or  stuffing  boxes  of  the  pump.  In  cases  where  hyper- 
gollc  fuel  components  are  used,  leakage  may  result  In  fire  and  ex¬ 
plosion  of  the  engine  and  the  entire  missile.  If  fuel  components 
with  high  corrosive  properties  are  employed,  extremely  rigid  specifi¬ 
cations  are  Imposed  on  the  material  and  design  of  the  pump  packings. 

The  design  measures  taken  against  liquid  seepage  In  the  pump 
may  be  different  In  different  existing  TNA  designs . 

Bellows-type  packings  are  recommended  for  the  puitqps.  To  lighten 
the  load  on  the  packing  units,  the  fluid  Intake  Into  the  pun^s 
should  be  made  at  the  drive  end. 

In  designing  turbines  for  the  engines.  It  Is  necessary  to  de¬ 
vote  attention  to  the  critical  number  of  rpm's,  the  axial  and  radial 
loads  on  the  bearings,  and  the  stresses  that  arise  In  the  rotating 

'i 

parts,  since  the  engine  pun9}S  are  not  usually  rigidly  mounted  to  a 
heavy  foundation,  but  have  resilient  suspensions  and  are  located 
near  the  powerful  vibration  source  represented  by  the  Zh^,  these 
vibrations  may  seriously  cdTfect  pump  performance  (e.g.,  cause  shaft 
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breakage  or  local  friction  between  the  rotating  and  stationary  parts) . 

In  cases  where  the  pressure  in  the  engine's  combustion  chamber 
is  high  (above  40  atm  abs),  the  liquid  head  set  up  by  a  single-stage 
pun^  may  be  found  Inadequate  or  off- optimum.  For  this  reason,  two- 
and  three-stage  centrifugal  pumps  are  required  to  set  up  high  fuel- 
component  pressure  heads. 

In  planning  and  designing  fuel  pumps  for  ZhRD,  every  effort  must 
be  made  to  raise  their  over-all  efficiencies.  The  following  may  be 
listed  as  basic  methods  of  raising  the  efficiencies  of  centrifu¬ 
gal  pumps: 

1)  raising  the  pump  speed  by  dividing  each  pump  into  two  stages: 
a)  a  preliminary  stage  operating  at  a  low  speed  selected  on  the  basis 
of  cavitation  conditions  and  a  low  head  selected  on  the  basis  of  the 
operating  conditions  of  the  main  stage  and  b)  a  stage  operating  at 
higher  rpm's,  a  setup  which  corresponds  to  the  use  of  a  reducing-gear 

design; 

2)  increasing  the  number  of  pump  stages  with  the  rpm's  held 
constant; 

3)  increasing  the  liquid  head  at  entry  into  the  pump; 

4)  improving  the  anti- cavitation  properties  of  the  pump  (in¬ 
stallation  of  preliminary  screw  pump  in  front  of  main  pump,  utiliza¬ 
tion  of  energy  of  pumped  fluid  for  ejection,  oversized  entrance  to 
wheel,  etc.). 

The  rpm  factor  of  the  pump  and,  consequently,  its  over-all  ef¬ 
ficiency  may  be  Increased  by  application  of  one  of  these  measures 
or  a  combination  of  them. 

SECTION  12.  FITTINGS,  PIPELINES,  AND  OTHER  ELEMENTS  OF  ZhRD  FUEL- 
PEED  SYSTB<  ““““ 

In  developing  a  Z^D  design,  a  highly  Inqportemt  step  is  the  selec- 


tlon  of  the  necessary  fittings.  Instruments,  and  other  elements  for 
the  fuel-feed  system  In  such  a  way  as  to  provide  for  starting,  normal 
operation,  and  stopping  of  the  engine. 

For  a  one-shot  Zhgg,  these  elements  of  the  fuel-feed  system  In¬ 
clude: 

1)  automatically  operated  cutoff  valves; 

2)  burst  membranes  of  the  spontaneous-burst  or  forced-burst 
(powder- cartridge)  types; 

3)  constant-pressure  relays; 

4)  nonreturn  valves; 

5)  compressed- gas  pressure  reducers; 

6)  throttling  disks; 

7)  drainage  valves; 

8)  fueling  and  drain  plugs  or  the  appropriate  shutoff- valve 
substitutes; 

9)  Inaide-tank  fuel-intake  devices; 

10)  safety  valves; 

11)  pipelines,  bellows,  etc. 

Selection  of  the  elements  for  the  fuel-feed  system,  their  number, 
and  their  design  depend  to  a  major  degree  on  the  mission  and  thrust 
of  the  engine  and  other  factors.  In  all  cases.  It  Is  necessary  to 
try  to  minimize  the  number  of  mecheuilcal  devices  such  as  valves, 
relays,  and  pipelines  In  the  fuel-feed  system  In  order  to  Improve  the 
safety  and  dependability  of  Its  operation. 

Cutoff  valves  (OK*)  function  to  regulate  the  flow  of  the  fuel 
conqponents  Into  the  combustion  chamber,  are  usually  automatically 
operated,  and  work  In  the  seune  way  as  stop  valves.  The  feed  of  the 
fuel  conq>onents  and  the  gas  can  be  controlled  by  opening  and  closing 
*lOit  =  OK  =  Otsechnyy  Klapan  =  Cutoff  Valve.] 
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these  valves  (starting  and  stopping  the  engine). 

Since  large  quantities  of  liquid  flow  under  high  pressures 
through  the  cutoff  valves,  considerable  effort  is  required  to  operate 
them.  The  force  necessary  to  close  and  open  ZhRL  cutoff  valves  is 
usually  developed  by  an  electromagnet  or  servojsplston  (pneumatic  or 
hydraulic)  loaded  with  the  control  pressure.  Due  to  their  high  con¬ 
sumption  of  electricity,  electromagnet leal ly  operated  cutoff  valves 
are  used  only  for  small- diameter  plpellhas.  Servo-piston  valves  are 
most  convenient  for  large- diameter  pipelines.  Here  the  engine  may 
develop  its  top  thrust  about  1.5  seconds  and  stop  {zero  thrust) 
approximately  0.5  second  after  application  of  the  appropriate  pulse 
to  the  valve. 

The  basic  elements  of  any  cutoff- valve  design  are  its  seat,  the 
actual  valve  covering  the  pipeline,  and  the  drive  to  this  valve. 

In  the  design  of  a  cutoff  valve,  special  attention  must  be  de¬ 
voted  to  its  trouble-free  operation.  This  is  achieved  through  the 
use  of  various  valve  designs  that  guarantee  tight  leakage-free  seat¬ 
ing  and  by  the  use  of  stainless  steels  for  the  seat  inserts,  the 
bodies  of  the  valves,  the  springs,  and  the  other  parts  in  order  to 
prevent  failure  in  operation  of  the  valve  because  of  corrosion. 

Cutoff-valve  designs  are  classified  into  the  following  types  in 
accordeince  with  the  position  of  the  valve  (poppet]  relative  to  the 
seat  before  emd  during  engine  operation: 

1)  normally  closed  valves,  l.e.,  valves  that  are  closed  when 
no  current  is  flowing  in  the  circuit  euid  open  when  current  is  fed; 

2)  normally  closed  valves  with  drainage,  l.e.,  with  a  hole  that 
bleeds  pressure  frean  the  line  behind  the  valve  when  the  current  stops 
flowing; 

3)  normally  opened  valves,  i.e.,  valves  that  are  open  in  the 


absence  of  current  in  the  circuit  and  closed  when  the  current  is 
thrown  into  it; 

4)  normally  closed  follow-up  valves  with  hydraulic  or  pneumatic 
servo-pistons,  i.e.,  valves  that  are  closed  in  the  absence  of  pres¬ 
sure  on  the  servo-piston  and  open  when  pressure  is  applied; 

5)  normally  closed  [sic]  follow-up  valves  with  servo-pistons. 

The  physical  designs  and  operating  principles  of  existing  cutoff 

valves  and  those  of  other  elements  of  ZhRD  i'uel-feed  systems  are  de¬ 
scribed  in  detail  in  the  available  literature.* 

In  designing  a  ZhRD's  fuel- feed  system,  it  must  be  borne  in 
mind  that  although  cutoff  valves  are  simple  in  design,  great  diffi¬ 
culties  are  sometimes  encountered  in  working  out  certain  of  their 
con5)onents,  in  selecting  the  materials  for  the  valve  seat  and  deter- 
mlftiflg  the  gaps,  and  with  sticking  in  the  open  position. 

Cutoff  valves  must  operate  dependably,  since  any  damage  to  the 
valve  may  put  the  entire  engine  out  of  commission.  Leakage  in  a  fuel 
valve  and  sticking  in  the  open  or  closed  position  may  result  in  mal¬ 
function  of  the  engine  euid  the  weapon  system  as  a  whole. 

Duplex  or  triplex  valves,  in  which  a  single  servo-piston  opens 
two  or  three  valves  in  the  lines  of  different  components  or  in  paral¬ 
lel  lines  of  the  same  component,  are  also  encountered  in  modern  Z^W 
systems.  In  this  case,  the  movement  is  transmitted  from  the  servo- 
piston  to  the -  valves  through  rocker  eu?ms. 

Before  installation  in  the  engine,  cutoff  valves  must  pass 
hydraulic  tests  for  leakage  through  the  seat  or  guides  and  for  operat¬ 
ing  precision. 

In  selecting  the  size  of  a  cutoff  valve,  we  proceed  from  the 

assumption  that  its  diameter  should  be  equal  to  the  open  diameter  of 

Slnyarev  and  M.V.  Dobrovol ' skly .  Zhldkostnyye  raketnyye  dvlga- 
tell  (Liquid-Fuel  Rocket  aigines),  Oborongiz,  1957. 
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the  corresponding  pipeline.  Here,  the  valve  lift  should  be  no  greater 
than  1/4  of  its  diameter. 

The  force  necessary  for  dependable  closing  of  the  valve  is  deter¬ 
mined  from  airtightness  calculations  for  It. 

Plastics  and  light  metals  may  be  used  for  the  packing  Inserts 
of  the  valve  (In  accordance  with  the  type  and  function  of  the  valve). 
Ground- to- seat  valves  are  sometimes  used  for  particularly  aggressive 
liquids . 

Diaphragms  of  the  spontaneous-  and  forced-burst  types  (MR*), 

[the  latter]  opened  by  an  electrically  Ignited  powder  charge,  repre¬ 
sent  extremely  sinqjle  and  relatively  lightweight  stop-flow  units 
that  are  frequently  used  as  substitutes  for  cutoff  valves  In  single¬ 
shot  fuel-feed  systems.  They  ensure  dependable  sealing.  When  the 
specified  pressure  Is  attained,  the  diaphragm  bursts  and  gives  the 
fuel  component  access  to  the  place  at  which  It  will  be  used.  Here, 
Interchangeable  throttling  disks  are  used  to  regulate  the  flow  rates 
of  the  coinponents. 

Once  started,  cm  engine  equipped  with  stop-flow  membranes  can¬ 
not  be  stopped  xintll  one  or  both  of  the  fuel  coirgjonents  has  been  com¬ 
pletely  exhausted. 

The  diaphragm  designs  have  either  ring-shaped  or  cross  tear 
patterns.  It  Is  along  these  patterns  that  the  diaphragm  bursts  when 
the  specified  pressure  Is  reached  In  the  system,  since  the  strength 
of  the  diaphragm  Is  lowest  along  these  lines.  After  a  membrane  of 
the  first  type  has  burst  along  the  tear  pattern.  Its  "petal"  bends 
back  emd  opens  the  way  to  the  liquid  or  gas.  In  membranes  of  the 
second  type,  bursting  eLLso  takes  place  along  the  marks,  and  a  number 
of  petals  bend  back. 

*[MP  *  Ifg  *  Membrana  Razryva  =  Burst  Diaphragm.] 
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The  diaphragm  is  usually  hand-picked  for  the  required  burst  pres¬ 
sure,  since  the  force  required  to  tear  the  thin  material  of  the  mem- 
breme  depends  to  a  major  degree  on  the  tolerances  for  the  thickness 
at  the  burst  lines. 

The  function  of  the  constant-pressure  relay  (RPD*)  In  to  switch 
electric  circuits  when  a  definite  pressure  has  been  reached  In  the 
pipeline  or  tank  being  serviced  and  to  reverse- switch  the  circuit 
when  the  pressure  has  dropped  below  the  specified  limit.  Pressure  re¬ 
lays  may  be  of  the  normally  open  or  normally  closed  type. 

Nonreturn  valves  (0K<^*)  function  to  prevent  motion  of  the  liquid 
or  gas  in  the  backward  direction  along  the  pipeline.  In  the  idle 
state,  the  head  of  this  valve  Is  compressed  to  its  seat  by  spring 
tension.  On  entering  the  connecting  piece  containing  the  valves,  the 
conqponent  opens  It  by  pressure  on  the  head  and  passes  Into  the  out¬ 
let  section.  The  reverse  motion  of  the  liquid  or  gas  Is  impossible, 
since  It  always  results  In  closing  of  the  valve.  The  motion  of  the 
valve  head  Is  limited  by  a  stop  shoulder. 

The  pressure  reducer  (RD***)  functions  to  lower  the  pressure  of 
the  gas  moving  from  the  pressure  accvunulator  Into  the  tanks  to  dis¬ 
place  the  fuel  components  from  them  Into  the  engine's  combustion 
chamber  to  a  specified  limit,  and  Is  one  of  the  basic  elements  of 
pressure-fed  fuel-feed  systems. 

Oas-pressure  reducers  are  also  frequently  used  In  feed  systems 
supplying  automatic  control  elements  with  gas  at  a  required  pressure 
for  feeding  components  Into  the  vapor-gas  generator,  and  for  other 
purposes . 

I^e  amount  by  which  the  gas  pressure  Is  reduced  during  throttling 
=  RPD  =  Rele  Postoyanstva  Davlenlya  =  Constant-Pressure  Relay.] 
**[0K  =  OK  =  Obratnyy  Klapan  =  Nonreturn  Valve.] 

***[Pfl  =  RD  =  Reduktor  Davlenlya  »  Pressure  Reducer.] 
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In  the  reducer  Is  governed  by  the  size  of  the  opening  between  the 
valve  and  the  seat. 

The  reducer  design  Is  determined  to  a  major  degree  by  the  direc¬ 
tion  In  which  Its  valve  opens.  Pressure  reducers  are  classified  Into 
direct-action  and  reverse- action  types  on  the  basis  of  this  criterion. 
In  a  direct-action  pressure  reducer,  the  valve  opens  In  the  direction 
of  the  force  developed  by  a  high-pressure  gas  (In  the  direction  of 
gas  flow) .  In  the  reverse-action  reducer,  the  valve  opens  against 
the  force  developed  by  the  high-pressure  gas  (against  the  gasiflow) . 

Reverse-action  pressure  reducers  are  normally  used  In  ZhRD. 

The  pressure  reducer  not  only  lowers  the  gas  pressure  to  the 
level  required  to  displace  the  components  from  the  tanks,  but  also 
simultaneously  acts  as  a  regulator  to  hold  the  fuel-tank  pressure 
almost  constant  even  though  the  gas  pressure  at  entry  Into  the  re¬ 
ducer  Is  constantly  diminishing  as  a  result  of  the  loss  of  gas  from 
the  pressure  accumulator. 

Like  most  other  types  of  reducers,  the  reverse-action  pressure 
reducer  operates  with  a  certain  nonuniformity,  l.e.,  when  the  gas 
pressure  at  the  Inlet  Into  the  reducer  chEuiges,  the  gas  pressure  at 
its  output  also  changes  slightly.  The  dependence  of  the  output  gas 
pressure  on  the  gas  pressure  at  the  Inlet  into  the  reducer  Is  known 
as  the  reducer's  characteristic.  We  distinguish  between  two  types  of 
reducer  characteristics.  The  gas  pressure  at  the  reducer  output  as 
a  function  of  the  inlet  pressure  In  the  absence  of  gas  flow  Is  known 
as  the  static  characteristic.  The  same  relationship  for  gas  flowing 
through  the  reducer  Is  known  as  the  dynamic  characteristic. 

The  gas  pressure  at  the  outlet  from  the  reducer  must  be  constant 
and  independent  of  the  pressure  at  the  reducer  inlet  (the  bottle  pres¬ 
sure).  When  the  component  feed  into  the  combustion  chamber  ceases,  the 
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reducer  must  automatically  block  access  of  the  gas  to  the  working 
fluids . 

The  throttling  disks  (DSh*)  function  to  regulate  the  flow  rates 
of  the  con5)onents  In  the  system's  pipelines,  llie  resistance  of  the 
system' can  be  reduced  or  Increased  by  a  considerable  margin  by  plag- 
Ing  a  throttling  disk  with  a  larger  or  smaller  flow  section  In  it, 
and  this  results  In  a  corresponding  change  In  the  component  flow  rate. 

i 

Installation  of  such  throttling  disks  In  the  component-feed  lines  is 
Inevitably  necessary  In  calibrating  a  ZhRD  feed  system,  since.llt  Is 
only  through  the  use  of  these  chokes  that  both  the  absolute  flow 
rates  of  the  combustible  and  oxidizer  and  their  proper  weight  propor¬ 
tions  can  be  maintained. 

Drainage  valves  (DK**)  serve  to  permit  drainage  of  the  various 
systems  when  the  fuel  components  are  taken  aboard  and  to  bleed  excess 
pressure  from  the  fuel  tanks  when  the  system  Is  stored  In  fueled  con¬ 
dition. 

In  designing  the  engine.  It  Is  necessary  to  strive  to  minimize 
Its  specific  gravity.  The  smaller  the  flow  sections  of  the  pipelines, 
cocks,  etc.,  the  lighter  will  they  be.  As  the  flow  sections  o^  the 
pipelines  are  reduced,  however,  the  pressvire  losses  In  the  fuel  com¬ 
ponents  Increase  and  to  ensure  the  necessary  per- second  flow  It  be¬ 
comes  necessary  to  raise  the  flow  pressure,  and  this  results  In  an 
excessive  Increase  In  the  weight  of  the  fuel-feed  system.  The  engine 
designer's  problem  consists  In  finding  the  optimum  flow  sections  for 

the  pipelines  and  starting-control  apparatus. 

\ 

For  aggressive  fuel  conqponents^  It  Is  necessary  to  use  pipelines 
% 

made  from  stainless  steel  or  aluminum,  depending  on  the  pressure 

-»rnni  =  ^h  -  Drossel'naya  Shayba  <=  Throttling  Disk.] 

**[ JIK  =  I*  ®  Drenazhnyy  Klapan  =  Drainage  Valve.] 


applied  to  the  component. 

The  designer  must  devote  particular  attention  to  fabrication  of 
the  valves  and  other  monitoring  and  control  components  for  high  work¬ 
ing-fluid  flow  rates;  this  applies  particularly  to  ZhTO  where  extremely 
slight  working-fluid  seepage  may  result  In  malfunction  of  the  engine 
smd  the  system  as  a  whole.  This  Is  accounted  for  by  the  fact  that 
various  substances  ranging  from  nontoxic  gases  such  as  nitrogen  or 
air  to  boiling  corrosive  fluids  such  as  liquid  oxygen  or  liquid  fluo¬ 
rine,  ammonia,  etc.  are  usually  employed  In  ZhRD.  The  working  tempera¬ 
tures  of  these  fluids  also  vary  over  wide  ranges:  from  -l83°C  for 
liquid  oxygen  to  plus  several  hundred  degrees  for  the  gases  used  In 
the  pun5)-set  turbine. 

Stop,  throttling,  nonreturn,  and  reducing  valves  are  the  types 
most  frequently  used  in  ZhM;  burst  diaphragms  are  relatively  Infre¬ 
quent.  The  conditions  vinder  which  these  units  operate  may  be  extremely 

severe:  the  transition  from  the  completely  closed  state  to  the  com- 

\ 

pletely  opened  state  must  be  effected  In  a  very  short  time  (no  longer 
than  10-20  msec).  Initiation,  Ignition,  and  cutoff  of  high  fuel- 
conqponent  flow  rates  also  represent  very  complex  operations.  In  de¬ 
signing  the  engine,  therefore.  It  Is  necessary  to  make  provision  for 
Its  dependable  and  on-deslgn  operation  In  the  specified  regimes  and 
to  avoid  rupture  of  the  pipelines,  the  chamber,  and  the  engine  as 
a  whole  when  the  above  operations  are  being  performed. 

An  effort  must  be  made  to  reduce  the  cost  of  the  Individual  ele¬ 
ments  of  the  engine  In  the  design  stage.  The  valves  that  regulate 
feed  of  the  basic  fuel  components  normally  have  large  flow-section 
areas  because  of  the  high  flow  rates  Involved  and  therefore  require 
rather  large  working  loads.  To  produce  these  loads,  for  exanqple,  when 
solenoid  valves  are  used,  it  is  necessary  to  beef  up  the  valves  and 
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Increase  their  consumption  of  electricity.  Since  there  Is  usually  a 
high-pressure  gas  source  In  the  ZhRD,  pneumatically  operated  valves 
may  also  be  used.  Only  the  valves  feeding  the  working  gas  must  be 
of  small  dimensions;  they  may  be  of  the  piston  or  aneroid  type. 

When  the  Z^g_ls  fired,  the  fuel  components  must  enter  the  en¬ 
gine's  combustion  chamber  either  together  or  in  a  definite  sequence. 
Duplex  valves,  which  consist  of  two  valves  and  are  opened  by  a  third 
air-operated  valve  working  through  a  cross  shaft  that  is  set  up  to 
open  one  valve  earlier  than  the  other. 

In  controllable-thrust  ZhRD,  it  is  also  necessary  to  have  special 
monitoring  valves  to  throttle  the  fuel- component  flows.  Such  valves 
may  turn  out  to  be  extremely  complex  in  design,  as  in  the  case  of 
the  rotating  slide  valve  with  balancing  system  (German  Walter  engine). 

The  number  of  different  types  of  valves  and  other  control  units 
usually  increases  in  cases  where  engine  thrust  and  fuel-mixture  ratio 
are  automatically  controlled. 

The  diameters  of  the  pipelines  for  the  ZhRD's  fuel-feed  system 
are  selected  on  the  basis  of  the  permissible  flow  velocity  of  the 
components  in  them.  The  fluid-flow  velocity  in  the  engine's  pipelines 
is  normally  set  at  6-10  m/aec.  It  is  not  advisable  to  raise  the  velo¬ 
city  above  10  irv^sec  because  the  hydraulic  resistance  in  the  pipelines, 
which  is  proportional  to  the  square  of  velocity,  will  be  very  high, 
l.e.,  will  cause  large  hydraulic  losses.  It  is  also  undesirable  to 
lower  the  velocity  below  6  To/aec,  since  the  result  is  larger  pipe¬ 
line  diameters. 

The  pipeline  elements  of  the  engine  are  usually  connected  with 
nipples  or  flanges  (in  accordance  with  the  diameter  of  the  pipeline 
and  the  pressure  in  it).  For  small  diameters  (less  than  25  mm),  the 
nipple-type  pipeline  .joint  is  most  commonly  used. 
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For  large  pipeline  sections  (pipe  diameters  of  the  order  of 
100  mm),  the  tubing  elements  are  connected  by  means  of  bellows.  Con¬ 
nections  of  this  type  make  it  easy  to  compensate  for  manufacturing 
imprecision,  as  well  s.s  for  temperature  elongations  of  the  pipes  and 
machine  components.  Flanges  are  used  to  connect  two  sections  of  pipe 
with  the  throttling  disk  or  diaphragm  Inserted  between  them. 

When  hypergollc  fuel  components  are  used,  the  combustible  and 
oxidizer  lines  should  be  passed  through  different  ducts  of  the  missile 
to  avoid  fire.  For  the  same  reasons,  the  fueling  and  drainage  accesses 
to  the  con5)onent  tanks  should  be  separated  by  a  great  distance. 

The  electrical  equipment  of  the  system  may  consist  of  power 
sources  (batteries),  the  appliances  (the  electric  heaters  for  the 
initiating  fuel  components,  etc.),  communication  apparatus,  and  a 
cable  network. 

Fuel-feed  and  control- system  designs  for  ZhRD  having  different 

missions  are  discussed  and  their  operation  described  in  detail  In 

» 

the  book  by  O.B.  Sinyarev  and  M.V.  Dobrovol 'skly,  "Zhldkostnyye  raket- 
nyye  dvlgatell’  (Liquid- Fuel  Rocket  Engines),  Oboronglz,  1957. 

SECTION  13.  HYDRAULIC  CALCULATIONS  FOR  ZM  FUEL- FEED  SYSTEM 

By  hydraulic  calculation  of  a  ZhRD  fuel-feed  system  we  mean 
determination  of  the  pressure  drop  In  the  moving  fluid  (fuel  com¬ 
ponents,  gas,  etc.)  In  the  engine’s  plumbing  as  a  result  of  fluid 
viscosity,  friction,  and  local  drag. 

Exact  determination  of  the  hydraulic  losses  becomes  possible  only 
after  the  sketch  design  of  the  Z|gD  has  been  completed,  at  which 
point  the  method  to  be  used  In  cooling  the  chamber  and  the  fuel- feed 
system  have  been  selected  and  the  dimensions  amd  shape  of  the  pipe¬ 
lines  are  known,  as  well  as  the  type  and  number  of  valves  and  other 
elements  In  the  fuel-feed  and  engine- control  system. 
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The  fluid-pressure  drop  in  the  engine's  main  pipelines  depends 
on  the  nature  of  its  motion.  The  motion  of  a  fluid  In  a  given  section 
of  pipeline  may  he  either  laminar  or  turbulent . 

Tlrie  nature  of  fluid  motion  In  the  chsmnel  Is  determined  from 
the  familiar  formula  for  the  Reynolds  number: 

Rg—  0  rftic  _  40  * 

V  V  ^  V  niji  *  - 

where  d^j^  Is  the  equivalent  (hydraulic)  diameter  of  the  channel,  as 
determined  by  the  formula 


2 

P  Is  the  cross-sectional  area  of  this  channel  In  m  ,  G  is  the  flow 
rate  of  the  coolant  through  the  same  channel  In  kg/sec,  w  [m/sec], 

T1  [kg-sec/m^],  v  [m^/secjl,  and  y  [kg/m^]  are  the  average  values  of 
the  corresponding  velocity  of  motion,  coefficients  of  dynamic  and 
kinematic  viscosity,  and  the  specific  gravity  of  the  liquid,  ^  Is  the 

p 

acceleration  of  gravity  In  n/sec  ,  euid  P  Is  the  perimeter  of  the 
channel  at  which  the  fluid  friction  occurs.  In  meters. 

For  <  2300  (for  smooth  channels),  the  motion  of  the  fluid 

Is  laminar,  but  It  Is  turbulent  for  >  2300.  Re  Is  smaller  for 
rough-walled  channels  than  for  smooth  channels. 

The  total  pressure  drop  In  a  given  fuel  con^onent  In  the  engine's 
fuel-feed  system  Is  expressed  by  the  formula 

(10.87) 

where  [kg/m^]  Is  the  fluid- pres  sure  loss  In  the  channel 

on  the  straight  segment  In  question;  here,  1^  Is  the  length  of  this 

channel  In  meters  and  Is  the  coefficient  of  fluid  friction  on  the 

^(Subscript:  sk  =  ek  =  ekvivalentnyy  =  equivalent;  n  =  P  ■  Perimeter.] 
**[ Subscripts :  rp  »  tr  «  trenlye  »  friction;  u.c  «  m.s  «  mestnove  sopro- 
tlvlenlye  »  local  resistance;  ck  *  sk  =  skorost'  «  velocity.] 
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wall  of  the  channel  for  a  fluid  moving  with  a  velocity  of  w  m/sec, 
which  is  determined  as  a  function  of  the  nature  of  fluid  flow  using 
the  familiar  formulas  of  the  hydraulics  curriculum,  is 

the  fluid-pressure  loss  resulting  from  local  resistances  in  the  en¬ 
gine's  main  pipelines . (abrupt  expansion  and  constriction  of  the  chan¬ 
nels,  elbows,  branchpoints,  valves,  throttling  disks,  etc.)i  here, 
§tr  is  the  local- resistance  coefficient,  which  is  determined  by  the 
appropriate  formulas  ori'taken  from  the  tables  usually  Included  in 

—  7i«'i ' 

hydraulics  textbooks  and  in  the  special  handbooks,  and  — 5 - 

is  the  drop  in  fluid  pressure  in  the  channel  as  a  result  of  the  in¬ 
crease  in  its  velocity. 

In  exact  calculations,  it  is  also  necessary  to  take  into  accovint 
the  buoyant  force  that  arises  in  the  fluid  when  it  is  heated. 

Fluid-pressure  drops  may  occur  in  the  ZhRD  on  the  segments 

1)  of  the  engine- chamber  cooling  passage; 

2)  of  the  fuel  injectors; 

3)  of  the  pipelines  with  their  fittings. 

The  fluid-pressure  loss  in  the  engine's  coolant  passages  is 
usually  determined  as  the  sum  of  the  resistances  of  the  individual 
segments  into  which  the  chamber  was  subdivided  in  determining  the 
specific  heat  flows.  The  theoretical  parameters  for  each  of  these 
segments  are  assumed  equal  to  those  for  the  middle  of  the  segment 
and  constant  over  its  entire  length. 

The  formulas  for  determining  Re  and  d^j^  may  be  reduced  to  the 
following  forms  (see  Pig.  9.8)  for  different  cooling-passage  shapes 


of  the  engine  chamber: 

1)  in  the  case  of  a  smooth-walled  annular  passage  (assuming 
dgy  =  d^j^  by  virtue  of  the  small  gap 

fhr  2^mV  n  2nr.  ^ 


2)  in  the  cases  of  the  annular  passage  with  longitudinal  ribs 
and  the  spiral  passage 


40,  _  40i 

nm  2(«  +  »)fir 


and</^-^ 


2(«+*) "«+» 


4”  V> 

where  =  Q/1  Is  the  coolant  flow  rate  through  the  l''  channel, 

^V*i 

=  ab  is  the  cross-sectional  area  of  the  1  channel,  and  P  = 

=  2(a  +  b)  is  the  perimeter  of  this  channel. 

The  hydraulic  resistance  of  the  entire  cooling  passage  of  cham¬ 
bers  with  spiral  and  longitudinal  ribs  is  equal  to  the  hydraulic 

th  ' 

resistance  of  some  single  1  channel. 

The  coefficient  of  fluid  friction  in  a  spiral  channel  of  the 

chamber's  cooling  Jacket  is  determined  by  the  formula'^ 


where  0  is  a  correction  factor  computed  from  the  formula 


f*  U 

here,  d^  is  the  average  diameter  of  the  spiral  line  of  the  1  “  chan¬ 
nel  . 

The  length  of  the  cooling-passage  spiral  channel  in  a  given 
segment  of  the  chamber  Is  determined  by  the  formula 

Sinter  ’ 

where  ^,ls  the  length  of  the  passage  segment  In  question  and  Is 
the  average  Inclination  of  the  helical  line  on  this  segment  of  the 
cheunber . 

The  fluid-pressure  loss  in  the  chamber's  cooling  passage  is  com¬ 
posed  basically  of  the  frictional  loss  and  the  losses 


Slnyarev  and  M.V.  Dobrovol ' skly .  Zhldkostnyye  raketnyye  dlvlga- 
tell  (Liquid-Fuel  Rocket  Engines),  Oboronglz,  1937. 

#*[ Subscript;  a  =  v  =  vlntovaya  llnlya  =  spiral  line.] 
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Ap„  „  resulting  from  local  resistances,  i.e.,* 

ni  •  s  •  oKni 

Voa  “  A/»TP.0M  +  (10.88) 

Normally,  ^Pm.s.okhl  smaller  than  ^Ptr.okhl" 

first  of  these  losses  may  attain  a  considerable  magnitude  in  certain 
chamber- cooling  passage  designs  and  even  exceed  the  value  of  the 
latter. 

Kie  total  fluid-pressure  drop  in  the  cooling  passage  of  a  ZhRD 

p 

chamber  may  reach  ^PqJj^I  *  5  to  20  kg/cm  . 

The  fluid-pressure  drop  in  the  engine's  injectors  is  determined 
from  the  familiar  formula 


The  fluid  (gas)-pressure  drop  in  the  engine's  plumbing  is  com¬ 
posed  of  losses  due  to  fluid  friction  at  the  walls  and  local  losses 
and,  as  already  noted,  is  determined  from  the  fomula  and  data  of 
the  hydraulics  handbooks.  Here,  the  local-resistance  coefficients  are 
determined  as  fiinctlons  of  the  nature  of  the  barriers  on  the  path  of 
the  fluid  (gas) . 

The  fluid-pressure  loss  in  the  various  valve  designs  is  deter¬ 
mined  by  pouring  water  through  the  valves. 

In  contemporary  ZhRD,  the  over-all  pressure  differences  in  the 
individual  fuel  coniponents  in  the  engine's  feed  system  attain 
Apg.p  *  8  to  25  kg/cm^. 

Knowing  the  value  of  Ap  ,  we  can  establish  the  feed  pressure 

s  •  p 

forcing  the  fuel  components  into  the  engine's  combustion  ohamber  and 
make  the  strength  calculations  for  the  fuel-feed  and  automatic- con¬ 
trol  systems  of  the  engine. 

*[ Subscripts:  Tp.oxji  =  tr.okhl  =  trenlye,  okhlazhdayushchly  trakt  = 
s  friction,  cooling  passage;  M.c.oxa  =  m.s.okhl  »  mestnoye  sopro- 
tlvlenlye,  okhlazhdayushchly  trakt  -  local  resistance,  cooling 
passage. ] 
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SECTION  14.  TUNING  OP  TO  OPERATE  AT  DESIGN  PARAMETERS 

A  ZhRD  Is  usually  adjusted  to  the  specified  thrust  and  optlmxim 
fuel  mixture  ratio  in  accordance  with  the  system  and  layout  adopted 
for  the  fuel  feed. 

In  certain  existing  engines >  the  necessary  thrust  value  IS 
established  as  follows:* 

for  fuel  feed  by  GAD  —  by  adjusting  the  spring  in  the  pressure 

reducer  feeding  tne  fuel  components  from  the  tanks  to  the  combustion 

\ 

chamber  of  the  engine  (this  reducer  is  Installed  at  the  compressed- 
gas  bottle  of  this  system) ;  the  engine  is  started  by  opening  a  stop 
valve  In  front  of  the  reducer  and  programmed  opening  of  the  valves 
to  pass  the  fuel  coit5)onents  into  the  combustion  chamber; 

for  fuel  feed  by  Zh^  —  by  adjusting  the  spring  in  the  pressure 
reducer  feeding  the  auxiliary  fuel  components  (this  reducer  is  In¬ 
stalled  at  the  compressed-gas  bottle  of  the  same  system) ;  the  engine 

Is  started  by  opening  a  stop  valve  in  front  of  the  reducer  and  pro- 

\ 

granmed  opening  of  the  fuel  valves  to  let  the  auxiliary  fuel  com¬ 
ponents  Into  the  gas  generator; 

for  fuel  feed  by  PAD  —  by  adjusting  the  spring  of  the  excess- 
pressure  release  valve  In  the  chamber  of  the  solid-propellant  ac¬ 
cumulator  feeding  hot  powder  gases  into  the  fuel  tanks;  the  engine 
Is  set  in  operation  by  sparking  the  P^  powder  charge; 

for  fuel  feed  by  TNA  fed  by  a  gas  from  a  monoreactant  hydrogen- 
peroxide  gas  generator  with  a  liquid  catalyst  —  by  adjusting  the 
spring  of  the  pressvire  reducer  feeding  the  hydrogen  peroxide  and 
liquid  catalyst  from  the  tanks  Into  a  reactor  (mixing  chamber)  mounted 
at  the  compressed-gas  bottle  of  the  same  system;  the  engine  Is  started 

by  opening  a  stop  valve  In  front  of  the  reducer  and  programmed  opening 
*Jet  Propulsion,  Vol.  27,  No.  6,  1957. 
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of  the  gas-generator  valves  and  the  valves  for  the  basic  fuel  com¬ 
ponents  to  admit  them  to  the  combustion  chamber; 

for  fuel  feed  by  TNA  fed  by  a  gas  from  a  monoreactant  hydrogen 
peroxide  gas  generator  with  a  solid  catalyst  and  pump  feed  of  the 
peroxide  into  the  reactor  —  by  setting  the  regulator's  turbopunip  set 
to  the  rotary  speed  that  meters  the  required  flow  of  vapor  gas  into 
the  pun?)-set  turbine;  the  engine  is  started  by  spinning  the  burbo- 
purap  set  with  powder  gases  or  compressed  air  from  a  bottle  carried 
aboard  the  missile  or  moxinted  on  the  launching  pad; 

for  fuel  feed  by  TOA  fed  by  gas  from  a  bireactant  gas  generator 
operating  on  the  basic  fuel  cong>onents  —  by  setting  the  regulator's 
turbopump  set  to  a  number  of  rpm's  that  meters  the  necessary  flow  of 
gases  into  the  pump- set  turbine  and  by  calibrating  the  units  of  the 
gas  generator's  feed  system  with  the  object  of  establishing  the  neces¬ 
sary  fuel-mixture  ratio;  the  engine  is  started  by  spinning  the  turbo¬ 
pump  set  by  the  pressure  of  hot  gases  from  a  solid-propellant,  gas 
generator  or  with  compressed  air  from  a  bottle  mounted  on  board  the 
missile  or  on  the  launching  pad. 

Contemporary  ZhRD  are  usually  started  by  means  of  a  programming 
mechanism  which  provides  for  stopping  the  countdown  and,  among^  other 
things,  automatic  stopping  of  the  engine  if  a  malfunction  in  some 
individual  unit  of  the  system  is  detected  as  it  is  being  started. 

It  is  preferable  to  mount  the  launching- regime  control  units 
for  guided  missiles  on  the  launching  towers,  etc.,  with  the  object 
of  reducing  the  weight  of  the  engine. 

The  ZhRD  is  tuned  for  operation  at  the  design  fuel-mixture  ratio 
by  calibrating  the  units  of  the  engine's  hydraulic  systems  and  by  ex¬ 
perimental  adjustment  of  the  system  reslsteinces  to  conqpensateitfor 
production  tolerances. 
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The  magnitudes  of  the  necessary  corrections  are  usually  deter¬ 
mined  from  the  data  obtained  in  hydraulic  testing  of  the  engine  with 
water,  with  subsequent  conversion  of  the  results  of  these  tests  to 
the  equivalent  differences  for  the  fuel  components. 

These  operations  are  commonly  known  as  tuning  the  engine  to 
optimum  operating  parameters  (technical  adjustment  of  the  engine) . 

The  magnitudes  of  the  hydraulic  resistances  In  the  combustible 
and  oxidizer  main  pipelines  can  be  varied  by  varying  the  flow  sec¬ 
tions  of  the  throttling  disks  to  obtain  the  required  pressures,  per- 
second  flow  rates,  and  proportions  between  the  fuel  components  enter¬ 
ing  the  engine  chamber  as  they  apply  to  the  fuel-feed  system,  etc . 

The  tuning  equation  Is  written  to  apply  to  the  specific  engine 
design.  The  corrections  to  be  applied  to  the  initial  pressure-loss 
values  for  the  flow  disks  are  usually  determined  from  special  dia- 
greuns  which  give  the  corrections  as  functions  of  the  corresponding 
parameters.  The  diameters  of  the  flow  disks  are  also  determined  from 
special  diagrams  as  functions  of  the  pressure  gradient  required.  The 
nxmerlcal  values  of  the  coefficients  appearing  in  the  tuning  equation 
are  con5)uted  on  the  basis  of  the  calculations  used  to  determine  the 
Influence  of  the  corresponding  units  of  the  engine  on  thrust  and  fuel- 
mixture  ratio. 

The  principle  of  tuning  a  TOA-fed  engine  consists  In  conqpensat- 
Ing  any  deviations  of  the  hydraulic  parameters  characterizing  the 
operation  of  the  turbopump  set  and  the  constant-pressure  valve  from 
the  rated  values  by  varying  the  flow-disk  resistances  In  the  main 
pipelines  of  the  fuel  system.  Specifically,  by  varying  the  dimensions 
of  the  flow  disks  In  the  fuel- pump  lines,  we  may  vary  the  feed  pres¬ 
sure,  output,  emd  required  power,  and  thereby  attain  steady  operation 
of  the  TWA  for  the  specified  adjustment  of  the  constant-pressure 
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valve  passing  the  excess  of  vapor  gas  around  the  turbine  Into  the 
exhaust,  pipe  of  the  gas  generator. 

Diagrams  showing  pump  power  as 
a  function  of  the  diameters  d^  and  dg 
of  the  throttling  disks,  l.e.,  = 

=  f(d^,  dg)  are  usually  constructed 
for  this  purpose. 

For  specified  pump  outputs  and 
feed  pressures,  the  number  of  TNA 
rpm's  Is  usually  selected  on  the 
basis  of  the  Intersect  of  the  curves 
showing  the  powers  as  functions  of 
the  number  of  rpm's  n  of  the  pumps 
and  turbine,  l.e.,  N  =  f (n) . 

The  operation  of  the  TOA  may  be 
either  stable  or  unstable  In  accor¬ 
dance  with  the  form  of  these  char- 

t 

acterlstlcs  (Plg.  10. 31). 

If  stable  TWA  operation  Is  achieved  with  the  required  pump  out¬ 
put,  l.e.,  =  N^,  an  accidental  Increase  In  the  TWA  speed  over  the 

specified  value  will  result  In  the  pump  power  becoming  larger  than 
the  turbine  power  N^,  and  acceleration  of  the  TWA  will  be  impossible. 
When  n  accidentally  drops  below  the  specified  value,  the  pump  power 
will  be  found  smaller  than  the  turbine  power  and  It  will  be  Im¬ 
possible  to  stop  the 

If,  however,  the  operation  of  the  JgA  Is  unstable,  l.e., 

N  ^  N,.,  an  accidental  Increase  In  the  rotary  speed  n  over  the  sped- 

fled  value  will  result  In  N.  becoming  larger  than  N  and  the  TNA 

V  n  *** 

will  rvin  wild,  while  an  accidental  decrease  In  n  results  In  the  value 


Pig.  10.31.  Diagrams  of  func¬ 
tions  =  f(n)  and  =  f(n) 

corresponding  to  stable  and 
unstable  operation  of  ZMD 

turbopump  Installation. 

1)  N,  horsepower;  2)  n,  rpm. 
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of  becoming  larger  than  N^,  and  the  TNA  will  stop. 

Consequently,  timing  of  a  TOA-rfed  engine  carried  out  on  the 
basis  of  the  torques  —  the  active  moment  of  the  turbine  and  the 
hydraulic  resistance  of  the  fuel  pun?)s.  Here,  the  necessary  calcula¬ 
tions  are  simplified,  the  data  for  a  two- component  engine  design  are 
replaced  by  single- component  data,  the  fluids  and  gases  are  regarded 
as  Ideal,  and  the  design  of  the  engine  as  absolutely  rigid. 

All  working  equations  are  normally  retained  as  they  apply  to 
the  design  operating  regime  of  the  engine.  In  cases  where  there  Is 
a  constant-pressure  regulator  In  the  fuel-feed  system,  the  calcula¬ 
tions  are  made  after  the  Bernoulli  equation  for  nonsteady  flow  emd 
the  mass-balance  and  moment- of- moment urn  equations. 

Here,  the  Instability  of  the  engine's  operation  that  results 
from  combustion  of  the  fuel  In  the  coinbustlon  chamber  (dynamic  operat 
Ing  Instability  of  the  engine)  Is  not  usually  considered,  since  full 
analysis  of  this  phenomenon  encounters  great  difficulty. 

An  engine  that  has  been  tuned  to  an  optimum  stable  operating 
regime  by  the  use  of  throttling  disks  or  other  elements  In  the  fue^- 
feed  system  will  operate  In  this  regime  only  provided  that  the  per- 
se9ond  flow  rates  of  the  fuel  coi^ponents  Into  the  engine  chamber 
and  their  pareuneters  (pressure,  temperature,  mixture  ratio,  etc.) 
are  consteuit. 

Under  flight  conditions,  the  characteristics  of  an  engine  tuned 
In  static  tests  will  differ  from  the  design  values  due  to  a  number 
of  factors  that  Influence  the  engine's  working  parameters  (feed  pres¬ 
sure  and  per-second  flow  rates  of  fuel  con9>onents  Into  chamber,  etc.) 
In  one  way  or  another  (see<=' Section  11  of  Chapter  lY) . 

Under  flight  conditions,  these  deviations  of  the  engine's  basic 
cheufacterlstics  from  the  nominal  values  may  significantly  Influence 
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the  flight  characteristics  of  the  system  (velocity  at  the  end  of  the 
powered  segment,  flight  range,  etc.)* 

A  precise  and  complex  automatic  control  system  is  required  for 
the  engine  to  ensure  small  spreads  in  the  basic  characteristics  of 
the  engine  during  flight  (to  maintain  the  necessary  operating  .regime 
or  vary  it  in  a  defined  manner)  and  Improve  the  flight  characteris¬ 
tics  of  the  missile.  For  example,  the  influence  of  the  difference 
between  the  Inertial  pressures  of  the  fuel  components  on  the  mixture 
ratio  during  flight  may  be  reduced  by  installing  a  special  automatic 
choke  valve  in  the  main  oxidizer  line;  if  the  system  is  TOA-fed,  it 
may  be  found  expedient  to  use  a  bypass  valve  Instead  of  the  chokh. 

SECTION  15.  COMPARISON  OP  DIFFERENT  FUEL- PEED- SYSTO!  LAYOUTS 

One  of  the  most  complex  problems  in  designing  a  ZhRD  for  a 
specified  mission  is  proper  selection  of  the  fuel-feed  system  layout. 

In  the  majority  of  cases,  the  heaviest  part  of  the  engine  is 
its  fuel-feed  system,  which,  together  with  its  automatic  controls, 
governs  the  starting  and  stopping  conditions  for  the  engine.  All 
other  things  equal,  the  lower  the  weight  of  the  engine's  fuel- feed 
system,  the  greater  will  be  the  flight  range  of  a  missile  equipped 
with  this  engine. 

The  fuel-feed  system  of  a  ZhRD  is  normally  selected  after  con>- 
parlson  of  various  systems  as  they  Influence  the  missile's  char¬ 
acteristics,  and  primarily  with  respect  to  weight  and  operating 
economy,  with  secondary  emphasis  on  design  complexity  and  cost. 

Figure  10.12  presents  comparative  curves  showing  the  specific 
weights  of  various  pressure-fed  fuel  systems,  from  which  the  ad¬ 
vantages  of  systems  with  emd  hot-gas  accumulators,  wl^lch 

have  specific  weights  20-30^  lower  than  systems  with  ordinary  Vj^l 
(without  preheating  of  the  air  before  delivery  into  the  fuel  tanks) 
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will  be  evident.  The  VAD- 2-fit ted  pressure-fed  system  (with  pre¬ 
heated  air)  occupies  an  intermediate  position  between  the  two  hot- 
gas  fuel- feed  systems. 

The  different  turbopiimp-fed  fuel-feed  systems  differ  from  one 
another  basically  in  economy,  which  depends  on  the  thermodynamic 
parameters  of  the  vapor  gas  used  in  the  turbine,  and  in  slight  dif¬ 
ferences  in  design  congjlexlty  and  cost.  Comparison  will  show  the 
distinct  advantage  of  high- temperature  vapor  gas,  particularly  when 
it  is  burned  further  behind  the  turbine. 

The  various  fuel-feed- system  layouts  can  also  be  con^jared  as 
regards  the  ratio  of  the  fuel-feed  system's  weight  ^  to  the 

S  vP 

absolute  engine  thrust  P,  l.e.,  as  regards  the  so-called  specific 
weight  of  the  feed  system  with  respect  to  engine  thrust: 

T;..-^^lcg,  (10.89) 

Here,  the  weight  of  the  turbopurap-fed  fuel-feed  system  can  be 
determined  approximately  by  the  formula 

0,.,«Oj||^  +  Ori-+Og,  (10,90) 

where  is  the  weight  of  the  turbopump  set,  *»  125^  of  0^^  is 

the  weight  of  the  gas  generator,  and  Qg  »  7^  of  0^  is  the  weight  of 
the  fuel  tanks  (Q^  is  the  weight  of  the  fuel  in  the  tanks). 

The  weight  of  a  pressure-fed  fuel-feed  system  with  the  approx 
prlate  pressure  accumulator  can  be  computed  by  the  foz*mula 

in,,  (10.91) 

where  y  is  the  specific  weight  of  the  fuel-feed  system  in  l^llter, 
s  •  p 

Vg  is  the  fuel- tank  capacity  of  this  system  in  liters,  and  0^  and 

are  the  weight  of  the  fuel  in  the  tanks  and  its  specific  gravity, 

*L Subscripts:  .c.n  *  s.p  =  slstema  podachl  =  feed  system;  B  -  B  ■ 

a  Bak  -  Tank;  t  =  t  -  topllvo  »  fuel;  nos  =  pod  »  podushka  »  cushion.] 
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respectively,  and  Is  a  coefficient  taking  Into  account  the  volume 
of  the  air  cushion  In  the  tanks. 

The  above  formulas  Indicate  that  the  specific  weight  of  the  fuel 
system  depends  basically  on  the  thrust  and  operating  time  of  the 
engine.  When  t^e  engine's  operating  time  Is  lengthened,  the  specific 
weight  of  all  fuel-feed  systems  increases  almost  linearly,  with  the 
most  rapid  Increase  In  y_  _  shown  by  the  VAD-1- equipped  system  and 

S  •P 

the  slowest  by  the  T^A- equipped  system.  When  the  engine  thrust  in¬ 
creases,  the  specific  weight  v  ^  of  pres3ure*«f ed  systems  increases 

s  •P 

slightly,  while  that  of  the  turbopump-fed  system  drops  by  a  consider¬ 
able  margin. 


as  function  of  operating  time.  1)  Solid- propel¬ 
lant  engine;  2)  ZhRD  with  gas-bottle  fuel- feed 

system;  3)  ZhRD  with  turbopump-fed  fuel  system. 

^ud.ef'  kg-sec/kg;  B)  t,  sec. 

Comparison  of  the  curves  of  Pig.  10.12  [sic]  shows  that  the 
best  weight  characteristics  for  engines  with  short  flight  times  (less 
than  10  sec)  are  conferred  by  pressure-fed  systems  with  hot-gas  pres¬ 
sure  accumulators.  For  medium-thrust  engines  with  rather  long  operat¬ 
ing  times,  the  weight  advantage  clearly  lies  with  the  turbopump 
system . 

However,  purely  relative  conparlson  of  fuel-feed  systems  as  re¬ 
gards  their  weight  characteristics  alone  Is  Inadequate,  since  It  does 
not  take  Into  account  the  differing  operating  economies  of  these 


t 


systems.  Moreover,  the  weight  and  economy  Indices  of  the  fuel-feed 
system  influence  the  characteristics  of  missiles  with  different 
thrusts  and  missions  in  different  ways.  For  this  reason,  the  formula 
for  determining  the  flight  velocity  (or  the  range  L  corre¬ 

sponding  to  it)  at  the  end  of  its  powered  path  may  be  used  as  the 
basic  parameter  for  comparison  of  different  ZhTO  fuel- feed  systems. 

J.  Humphries*  recommends  comparison  of  the  different  ZhTO  fuel- 
feed  systems  on  the  basis  of  the  so-called  "effective  specific  thrust," 
which  is  defined  by  the  formula 


weight/ 


—  /sec,** 

where  P  is  the  average  thrust  of  the  engine  during  an  operating 

) 

period  in  sec,  is  the  weight  of  fuel  in  the  tanks,  and  0^^ 

is  the  dry  weight  of  the  engine,  including  the  tanks  and  the  working 
fluids  (fuel,  gases,  etc.). 

The  curves  in  Pig.  10.32  give  a  general  idea  as  to  which  fuel- 
feed  system  will  be  moat  conveniently  used  to  produce  the  maximum 
effective  specific  engine  thrust. 

These  curves  have  reference  to  an  engine  with  a  surface  thrust 
of  2270  kg,  but  they  may  be  useful  for  preliminary  analysis  of  fuel- 
feed  systems.  The  curve  for  a  solid-propellant  engine  is  presented 
for  comparison. 

It  will  be  seen  from  Fig.  10.32  that  a  given  engine  operating 
on  liquid  fuel  possesses  superior  performance  from  the  standpoint  of 
effective  specific  thrust  when  compared  to  a  solid-propellant  engine 
with  operating  times  of  the  order  of  10  sec  and  higher.  Moreover, 


ZhgD  with  gas-bottle  fuel-feed  systems  have  better  char- 

*J.  Humphries.  Raketnyye  dvigatell  1  upravlyayemyye  snaryady  (Rocket 
engines  and  guided  missiles),  IL,  193o> 

**[ Subscripts;  yji.3$  =  ud.ef  =  udel'nyy,  effektlvnyy  ■  specific  ef- 
--  fectlve;  as  =  dv  =  dvlgatel'  *  engine.) 


-823- 


acterlstlcs  than  ZhgD  with  turbopump  systems  for  operating  times  of 
10-20  sec;  for  longer  engine  operating  times.  It  is  more  expedient 
to  use  the  turbopurap-fed  fuel  system. 

In  solving  this  problem,  however,  it  should  not  be  forgotten 
that  TNA-equlpped  ZhRB  are  complex  in  design,  so  that  this  feed  system 
is  more  expensive  than  the  pressure-fed  system;  moreover,  a  working 
fluid  is  required  to  drive  the  turbine,  and  to  obtain  this  fluid  It 
Is  usually  necessary  to  have  a  gas-generator  apparatus  or  some  other 
facility.  For  this  reason,  the  possibility  of  using  the  pressure- fed 
fuel  system  is  not  excluded,  in  spite  of  the  fact  that  In  this  case 
the  turbopunqp  feed  system  may  endow  the  engine  with  a  relatively 
higher  effective  specific  thrust. 

Taking  the  above  exposition  into  account,  we  may  draw  the  follow¬ 
ing  conclusions; 

1)  the  use  of  the  turbopunp  fuel-feed  system  is  most  attractive 
for  ZhRD  with  total  impulses  above  250-270  thousand  kg- sec; 

2)  for  long-range  missiles  (SDD*),  the  turbopump  fuel-feed 
system  is  most  efficient; 

3)  for  missiles  with  low  thrusts  but  large  payloads  (for  ZURSf*) . 
the  best  results  are  given  by  PAD-  and  ZhAD-equlpped  pressure-fed 
fuel- feed  systems; 

4)  in  aircraft  Zh^,  punp  feed  of  the  propellants  is  more  at¬ 
tractive,  since  it  results  in  a  lower  total  engine  weight  than  gas- 
bottle  feed.  If  the  Z|^  is  being  designed  as  an  aircraft  super- 
performance  unit,  the  pumps  may  be  driven  through  a  gearbox  off  a 
main  aircraft  engine  of  another  type. 

In  working  out  the  layout  for  the  engine's  fuel-feed  system  and 

'“«TO  s  SPp  s  Snaryad  Dal'nego  Deystvlya  =  Long-Range  Missile.] 
**ByPC  *  =  Zenltnyy  Upravlyayemyy  Raketnyy  Snaryad  »  Qulded 

Antiaircraft  Rocket  Missile.] 
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Its  control.  It  Is  necessary  to  select! 

l)  the  elements  of  the  fuel-feed  system  and  their  adaptation  to 
the  engine  being  designed; 

3)  the  locations  of  the  fuel- tank  and  gas-bottle  connections  for 
loading  the  system  with  fuel  components  and  other  working  fluids,  as 
well  as  the  stop-flow,  safety,  and  other  units  for  the  fueling  lines; 

I 

3)  the  points  of  connection  of  the  lines  for  air  bleeding  and 
the  stop- flow  and  other  units  in  the  drainage  mains; 

4)  devices  to  prevent  admission  of  fuel  components  from  the 
tanks  into  the  combustion  chamber  before  the  engine  is  fired; 

5)  units  to  ensure  dependable  firing,  normal  operation,  and 
stopping  of  the  engine  (also  Including  the  fuel-ignition  system)  and 
their  placement; 

6)  the  method  and  sequence  (program)  of  operation  for  the  units 
of  the  engine's  starting  and  stopping  system,  as  well  as  the  energy 
source  to  operate  them; 

7)  elements  to  be  used  in  tuning  the  engine  to  the  specified 
operating  regime,  and  their  operating  principles; 

8)  automatic-control  vinlts  of  the  fuel-feed  system  for  metering 
delivery  of  the  working  fluid  (fuel  components,  gas)  in  starting, 
for  normal  operation  of  the  engine,  and  for  control  of  its  operating 
regime  in  accordance  with  a  specified  program; 

9)  the  automatic-blocking  system  for  the  engine's  fuel  feed, 
its  elements,  sind  the  location  and  method  of  its  installation. 

The  number  of  elements  in  the  system  being  designed  must  be  as 
small  as  possible  in  order  to  improve  its  operating  dependability 
and  lower  the  cost  of  the  engine. 
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Chapter  XI 

STABLE  AND  UNSTABLE  REGIMES  AND  AUTOMATIC  OPERATING  CONTROL 

One  of  the  most  important  problems  arising  in  the  planning  of 
a  ZhRD,  regardless  or  type  and  designation.  Is  the  matter  of  providing 
for  operating  stability  in  given  regimes,  and  the  dissemination  of 
the  conditions  under  which  the  engine  can  work  with  dynamic  stability, 
even  with  the  action  of  unavoidable  perturbations  and  variable  con¬ 
trol-system  commands. 

The  planning  of  a  stably  functioning  ZhgD  calls  for  the  design 
of  an  engine  In  which  the  fluctuations  In  gas  pressure  in  the  combU8tlon\ 
chamber,  the  per-second  fuel- component  flow  rates  to  the  chamber, 
and  the  thrust,  caused  by  the  perturbations,  will  not  exceed  the 
permissible  limits. 

The  mechanism  to  which  unstable  ZhTO  operation  may  be  attributed 
Is  extremely  complex  and  therefore,  as  yet,  little  studied. 

In  order  to  Increase  the  dynamic  stability  of  the  ZhRD, 
various  structural  and  similar  measures  are  employed,  and  one  of 
these  Is  automatic  control . 

The  development  of  a  control  system  for  the  ZhRD  can  only  suc¬ 
ceed  If  the  factors  responsible  for  nonstable  engine  operations  and 
the  theoretical  bases  of  control  are  fully  known. 

The  present  chapter  cites  the  basic  factors  responsible  for  non¬ 
stable  ZhRD  operations,  and  there  is  an  examination  of  the  measures 


-826- 


for  controlling  these  factors,  and  these  measures  may  prove  to  be  of 
practical  interest  in  the  design  of  stably  functioning  systems;  in 
addition,  there  is  an  examination  of  the  methods  involved  in  experi¬ 
mental  Investigation  of  stability,  said  methods  useful  in  the  develop¬ 
ment  and  adjustment  of  new  engines  and  their  individual  assembly. 
Moreover,  the  basic  principles  of  automatic  control  of  liquid-rocket 
engines  are  discussed. 

SECTION  1.  STABLE  AND  NONSTABLE  OPERATINO  REGIMES 

The  records  of  gas  pressures  within  the  combustion  chamber  and 
in  the  fuel  components  in  front  of  the  spray  nozzles,  in  the  case 
of  the  steady-state  functioning  of  the  ZhRD,  indicate  that  there  are 
always  gas-pressure  oscillations  occurring  within  the  combustion 
chamber,  said  oscillations  having  various  frequencies  and  amplitudes 
which  change  with  a  change  in  the  operating  regime  of  the  engine. 

This  circumstance  indicates  that  the  operating  regime  of  a  ZhRD, 
regardless  of  type  and  design,  is  not  at  all  stable  and  periodically 
varies  with  respect  to  time  as  a  result  of  a  series  of  perturbation 
factors  Inherent  in  the  engine  cycle. 

A  detailed  analysis  of  the  cycles  within  contemporary  engines 
makes  it  possible  to  draw  the  conclusion  that  the  basic  factor  re¬ 
sponsible  for  Z^D  operating- regime  fluctuations  is  the  delay  in  con¬ 
verting  the  liquid  fuel  components  into  gaseous  products,  and  this 
[delay]  is  of  the  order  of  the  fuel- component  stay  time  within  the 
combustion  chamber,  since  it  is  preslcely  during  this  period  that 
the  fuel  is  consumed. 

Should  excess  gas  pressure  develop  in  the  combustion  chamber, 
for  any  reason  whatsoever,  at  the  lnst£mt  t,  the  per- second  rate  0 

8 

of  fuel  flow  through  the  spray  nozzles  (Pig.  11.1)  will  diminish 
correspondingly,  and  the  gas-flow  rate  from  the  combustion  chamber 
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Pig.  11.1.  Oscillations  in  pressure  pj^ 

In  the  combustion  chamber  and  in  the  per- 
second  fuel  flow  rate  0^  (the  feed  pres¬ 
sure  p^  is  assumed  to  be  constant) . 

P  p  o 

1)  Ppi  kg/cm^;  2)  V,  mVkg;  3) 

4)  O3,  kg/seo;  5)  6)  Pp,  App,  p^ 

and  are  design  parameters. 

through  the  nozzle  will  increase.  Since  the  actual  volume  of  the 
liquid  components  is  negligibly  small  relative  to  the  actual  volvune 
of  the  gases,  this  change  in  fuel-flow  rate  leads  to  a  drop  in  the 
inflow  of  gases  only  at  the  instant  of  time  t  +  where  T^^p* 

is  the  delay  time.  At  this  instant,  the  pressure  within  the  combus¬ 
tion  chamber  may  drop,  and  this  will  also  lead  to  a  pressure  rise 

^  +  ^’’zap- 

Consequently,  a  change  in  pressure  Pj^  leads  to  a  change  in  the 

flow  rate  0  which,  in  turn,  has  an  effect  on  the  magnitude  of  p.  . 

s  ^ 

As  a  result,  this  interrelationship  leads  to  fluctuations  in  these 

two  parameters.  If  the  fluctuations  in  these  parameters  tend  to  daitq? 

out,  the  engine  operation  will  be  stable,  whereas  if  they  increase 

with  respect  to  time  the  operation  of  the  engine  will  be  unstable. 
*^^3an“  ^zap  "  ^zapazdyvanlye  “  ^  delay '  ^ 
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The  further  the  cycle  takes  place  from  the  boundary  (threshold) 
of  Instability,  the  more  rapidly  will  these  fluctuations  be  damped. 

The  instability  boundary  for  engine  operation  is  characterized  by  a 
rapid  Increase  in  oscillation  amplitude,  frequently  accompanied  by 
pronounced  changes  in  frequency. 

In  fact,  the  processes  taking  place  within  the  combustion  chamber 
of  a  ZhRD  are  substantially  more  complex  than  in  the  primitive  dia¬ 
gram  presented  here.  Unstable  engine  operation  is  possible  even  in 
the  case  of  an  ideal  fuel-feed  system  which  does  not  react  at  all  to 
a  change  in  gas  pressure  within  the  combustion  chamber. 

We  are  dealing  here  with  the  fact  that  the  time  during  which  the 
fuel- component  drops  are  converted  into  the  products  of  combustion 
depends  on  the  pressure  within  the  combustion  chamber,  the  tenpera- 
ture  of  the  gases. within  which  these  drops  move,  as  well  as  a  series 
of  similar  factors,  such  as: 

1)  the  presence  of  foci  of  vapor  formation  and  fuel- component 
combustion  (random  and  sudden  flashes  of  combustion  caused  by  the 
basic  atomization  head  of  the  engine  chamber)  distributed  throughout 
the  voliime  of  the  combustion  chamber,  and  as  a  result  there  are 
deviations  from  the  mean  in  the  gas  pressure  within  the  chamber; 

2)  an  Increase  or  decrease  in  the  flow  rate  of  the  fuel  com¬ 
ponents  to  the  chamber  and  their  ignition  lag  as  a  result  or  the 
gas-pressure  fluctuations  within  the  combustion  chamber  as  well  as 
the  resulting  regular  Increased  and  decreased  fuel- component  pres¬ 
sure  differences  across  the  spray  nozzles  and,  consequently,  impair¬ 
ment  of  the  atomization  quality  for  the  fuel  components; 

3)  the  unavoidable  changes  in  the  fuel-con5)osltion  factor  re¬ 
sulting  in  a  temperature  change  for  the  combust ion- chamber  cross 
section,  and  the  resulting  change  in  the  ignition-lag  time  period; 
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4)  the  hydraulic  fluctuations  within  the  fuel- feed  system, 
caused  by  the  following:  the  changing  fuel- component  pressure  dif¬ 
ference  across  the  nozzles,  pun^)  pulsations,  nohrlgid  elements  in 
the  system,  pulses,  gas  bubbles,  friction  in  the  elements  of  the  auto¬ 
matic-control  system,  and  other  factors. 

Instability,  In  some  measure,  may  appear  In  engines  operating 
on  any  practically  conceivable  fuel  components.  The  use  of  certain 
fuels  Is  still  so  limited  that  Is  not  possible.  In  practice,  to  de¬ 
sign  a  stable  engine  to  operate  on  these  fuels  (for  example,  kero¬ 
sene  and  liquid  oxygen) . 

With  an  unstable  operating  regime,  there  is  a  pronounced  Impair¬ 
ment  of  the  engine  characteristics,  and  the  elements  of  the  engine 
are  subject  to  dangerous  static  and  thermal  loads.  In  the  case  of 
unstable  fuel  combustion,  the  gas  pressui'e  within  the  combustion 
chamber,  at  Individual  Instants  of  time,  may  exceed  the  rated  value 
by  a  factor  of  2  to  3,  as  a  result  of  which  there  is  the  possibility 
of  the  explosion  of  the  engine  chamber. 

In  the  case  of  gas-pressure  fluctuations  In  the  chamber,  the 
transfer  of  heat  from  the  gases  to  the  chamber  liners  may  be  greater 
by  a  factor  of  1.5  to  2.5  than  would  be  the  case  with  stable  engine 
operation,  and  in  this  connection  the  overheating  and  burning  out  of 
the  chamber  liner  becomes  possible  and,  consequently,  engine  break¬ 
down.  In  addition,  the  gas-pressure  fluctuation  In  the  combustion 
chamber  leads  to  pulsations  in  exhaust  velocity,  i.e.,  engine  thrust, 
auid  this  leads  to  engine  vibrations  which  can  break  the  fastening 
devices  by  which  the  engine  is  connected  to  the  missile,  and  It  can 
also  lead  to  the  disruption  of  the  tubing,  etc. 

A  fluctuation  In  engine  thrust  may  lead  to  missile  vibrations, 
including  the  tanks  containing  the  working  components  and  the  supply 


-830- 


HUlillilllillWiiil 


tubing,  and  this  will  have  an  effect 


Pig.  11.2.  The  simplest  struc¬ 
tural  diagram  of  a  ZhRD  with 
a  slngle-looo  close3  circuit . 
”k  “  ^Pk'Pkl^/Pk  pres- 

sure  fluctuation  within  the 
combustion  chamber  (the  out¬ 
put  coordinate  of  the  link  K); 
m  =  ((Jg-ag^)/Og  is  the  fluc^ 

tuatlon  in  the  fuel-flow  rate 
as  a  result  of  the  pressure 
fluctuations  within  the  com¬ 
bustion  chamber  (acts  on  link 
P);  =  (\-0kl5/®k 

fluctuation  in  the  gas-forma¬ 
tion  rate  in  the  combustion 
chamber  because  of  the  changes 
in  the  fuel-flow  rate  (this 
is  the  input  coordinate  of 
the  closure  link  K) . 


on  the  process  of  fuel  combustion 
within  the  chamber  and  on  the  func¬ 
tioning  of  the  mlsslle-fllght-control 
instruments.  Consequently,  the  mount¬ 
ing  of  an  unstable  engine  on  the 
flying  craft  a^nnot  be  permitted. 

The  capacity  of  a  to  self¬ 

excitation  of  vibrations  can,  pri¬ 
marily,  be  attributed  to  the  sensi¬ 
tivity  of  the  fuel-feed  system  to 
pressure  changes  in  the  combustion 
chamber,  resulting  from  a  time  shift 
between  the  Inflow  of  the  liquid  fuel 
components  to  the  chamber  and  the 


process  of  converting  the  fuel  components  to  gaseous  products  of  com¬ 
bustion  (the  rate  of  fuel  flow  through  the  spray  nozzles  is  a  func¬ 
tion  of  the  gas-pressure  pulsations  within  the  combustion  cheunber) . 
Consequently,  a  ZhRD  (with  respect  to  design  and  principle  of  opera¬ 
tion)  is  a  self-oscillation  system  with  a  delay  link  (closed  loops 
exist  between  the  combustion  chamber  and  the  fuel-feed  system) . 

The  structural  diagram  of  the  ZhRD  takes  the  form,  in  the 
simplest  case,  of  a  single-loop  closed  circuit  consisting  of  three 
links  (Pig.  11.2). 


The  links,  denoted  by  T,  g,  and  K,  respectively,  represent  the 
fuel-feed  system,  the  process  of  converting  the  fuel  into  the  pro¬ 


ducts  of  combustion,  and  the  combustion  chamber  as  the  gas  volume. 


The  rate  of  fuel  feed  to  the  combustion  chamber,  the  rate  of 


gas  formation,  £ind  the  pressure  in  the  combustion  chamber  are  taken 
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as  the  Input  and  output  variable  links.  Feedback  reflects  the  action 
of  pressure  within  the  chamber  on  the  feed  rate  for  the  liquid  fuel 
components . 

Investigations  have  shown  that 
during  the  operation  of  a  gas- 

pressure  fluctuations  within  the 
combustion  chamber  may  be  of  the 
following  types  (Plg.  11.3): 

low-frequency  (from  30  to  50  up 
to  l80  to  220  cps),  resulting  from 
the  delay  between  the  processes  of 
fuel- component  Inflow  to  the  combustion  chamber  and  the  Instants  of 
their  combustion  (pressure  oscillations  with  the  natural  frequency 
of  the  fuel- combustion  process); 

high-frequency  (from  600  to  1200  cps  and  higher)  representing 
resonance  (acoustic)  oscillations  down  the  combustion  chamber  in  the 
gas  with  which  the  chamber  is  filled; 

detonation  (unstable),  arising  the  Instant  the  engine  is  started 
this  type  of  fluctuation  has  not  yet  been  thoroughly  studied. 

Not  a  single  unstable  ZhRD  type  exists  in  its  pure  form.  Gener¬ 
ally,  during  engine  operation  there  are  gas-pressure  fluctuations 
of  various  types. 

All  types  of  oscillation  frequencies  and  sun^lltudes  depend,  to 
some  degree,  on: 

1)  the  design  and  peirameters  of  engine  head  and  chamber,  com¬ 
bustion-chamber  shape,  and  the  relationships  between  their  geometric 
dimensions; 

2)  the  design  and  parameters  of  the  fuel-feed  system  and  the 


Pig.  11.3.  Low-frequency  (l) 
and  high-frequency  (2)  gas- 
pressure  oscillations  within 
the  combustion  chamber  of 
the  engine. 


auxiliary  engine  elements; 
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3)  precision  of  engine  fabrication  and  Interaction  of  all  engine 
elements; 

4)  chemical  and  physical  properties  of  fuel  components; 

5)  design  and  parameters  of  weapon,  as  well  as  its  flight  con¬ 
ditions; 

6)  engine- operating  regime  and  other  factors . 

The  system  consisting  of  the  gases  within  the  combustion  chamber, 
and  the  fuel  within  the  feed  system,  as  well  as  the  mechanical  parts 
of  the  entire  engine,  tend  to  unstable  operation  even  when  the  fuel- 
combustion  process  is  completely  stable.  Such  processes  as  gas  fluc¬ 
tuations  within  the  combustion  chamber  and  liquid  fluctuations  within 
the  fuel-feed  system  or  the  vibrations  of  the  mechanical  parts  of 
the  engine  may  occur  even  in  the  presence  of  extremely  small  perturba¬ 
tions  . 

Experiments  Indicate  that  pressure  and  fuel- component  rate  oscil¬ 
lations  Ih  the  supply  tubes  of  the  engine  exhibit  this  same  fre¬ 
quency  as  the  pressure  oscillations  in  the  combustion  chamber,  but 
the  amplitude  is  smaller.  The  laws  governing  the  conversion  of  the 
fuel  into  gaseous  products  of  combustion,  both  with  respect  to  time 
and,  in  space,  with  respect  to  the  volume  of  the  combustion  chamber, 
play  an  important  role  in  the  mechanism  of  unstable  ZhRD  operation. 

Low-frequency  instability  predominates  in  those  cases  in  which 
the  ZhRD  functions  with  small  pressure  differences  for  the  fuel- 
component  spray  and  with  low  pressures  within  the  combustion  chamber. 

At  relatively  high  gas  pressures  within  the  combustion  chamber,  high- 
frequency  forms  of  acoustic  oscillations  (which  in  certain  cases  may 
be  dominant)  can  develop  simultaneously  with  the  low-frequency  oscllla- 
t ions . 

The  high-frequency  stability  of  the  ZhRD  is  characterized  by  the 
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presence  of  gas  compression  waves  that  move  periodically  along  the 
combustion  chamber,  from  the  head  to  the  nozzle,  and  back. 

The  physicochemical  processes  occurring  within  the  combustion 
chamber  during  the  delay  time  develop  at  rates  which  are  affected  by 
the  pressure  and  temperature  of  the  gases  and  liquids,  their  relative 
flow  rates  through  the  length  of  the  chamber,  etc . 

With  changes  in  the  above-mentioned  factors,  there  are  also 
changes  in  these  rates,  and  at  the  same  time,  there  are  changes  in 
the  delay  time;  high  rates  lead  to  short  delay  time. 

The  fluctuation  of  the  above-mentioned  factors  about  their  mean 
values  produce  fluctuations  in  the  delay  time  of  the  corresponding 
volumes  (particles)  of  fuel.  If,  for  example,  the  delay  time  increases 
at  a  particular  point  in  the  chamber,  this  will  extend  the  process 
with  respect  to  time  and  space,  l.e.,  lead  to  the  reduction  of  the 
fuel-combustion  rate.  On  the  other  hand,  the  fuel- combustion  rate 
increases  if  the  delay  time  is  shortened.  Consequently,  changes  in 
the  factors  affecting  the  rate  at  which  the  physicochemical  processes 
occur  within  the  combustion  chamber  produce  a  change  in  the  fuel- 
combustion  rate  or  fluctuations  in  the  power  of  the  hot-gas  source, 
even  with  a  constant  rate  of  fuel- component  spray  into  the  combustion 
chamber. 

As  a  result,  periodic  longitudinal  pressure  pulses  (compression 
waves)  may  arise  within  the  combustion  chamber,  from  the  head  to  the 
nozzle,  and  back.  If  these  pulses  attain  high  values,  self- intensifi¬ 
cation  self-oscillation  conditions  are  established,  longitudinal 
shock  waves  of  relatively  greater  amplitude  appear,  and  here  the 
operation  of  the  engine  chamber  becomes  unstable. 

The  cycle  period  for  these  fluctuations  is  approximately  equal 
to  the  conversion  delay  time,  the  time  required  for  the  distribution 


-834- 


of  temperatures  from  the  front  of  the  flame,  and  the  pressure-pulae 
propagation  time  from  the  head  to  the  nozzle  and  back. 

Acoustic  gas-pressure  oscillations  within  the  combustion  chamber 
of  the  engine  are  capable  of  establishing  lateral  acoustic  velocities 
for  the  atomized  fuel- component  particles  and  thus  to  affect  their 
Intermixing,*  the  Jets  of  fuel  vapors  undergo  sinusoidal  deformation. 
Given  sufficiently  great  deformation  of  these  Jets,  the  concentration 
of  heat  or  mass  within  them  Is  changed,  and  this  leads  to  marked 
periodic  variations  In  the  local  coefficients  of  excess  oxidizer 
throughout  the  entire  mixing  zone,  with  all  of  the  consequences  that 
follow  from  this . 

Longitudinal  self-osclllatlon  in  the  combustion  chamber  of  the 
engine,  under  certain  conditions,  may  result  In  local  overheating 
and  burning  out  of  the  chamber  flame  tube. 

Instability  of  engine  operations  may  be  the  result  of  such  proc¬ 
esses  as  the  propagation  of  eddies  In  space  at  certain  frequencies, 
fluctuations  In  liquid  flows  through  the  spray  nozzles  and  In  the 
atomization  of  two  Impinging  Jets,  combustion  phenomena  within  the 
eddies,  fluctuations  resulting  from  chemical  kinetics,  the  conversion 
of  the  gas  stream  within  the  converging  part  of  the  nozzle,  etc. 

All  of  these  processes  may  be  characterized  by  time  constants 
that  are  different  from  relaxation  or  the  period  of  natural  oscilla¬ 
tions,  and  the  processes  can  lead  to  unstable  regimes  at  frequencies 
differing  from  the  frequencies  characteristic  of  low-frequency  and 
high-frequency  instability. 

The  problem  of  ZhRD  Instability  can  be  reduced  to  the  problem 
of  designing  an  engine  in  which,  during  operation,  there  are  no  devia¬ 
tions  from  the  rated  values  (in  excess  of  the  permissible  magni¬ 
tudes)  in  combust Ion- chamber  pressure,  specific  flows  of  heat  from 
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the  gases  to  the  chamber  liner,  and  in  thrust . 

It  is  only  possible  to  design  an  engine  that  functions  in  a 
stable  manner  within  the  required  range  of  regimes  by  undertaking  a 
thorough  study  of  the  mechanisms  involved  in  the  development  of  un¬ 
stable  pressure  fluctuations  within  the  combustion  chamber  and  within 
the  fuel-feed  system,  and  this  can,  at  the  present  time,  be  achieved 
basically  through  experimentation. 

Experiments  indicate  that  an  Increase  in  the  Ignition  lag  'r2ad* 
for  the  fuel  components  diminishes  the  oscillation  frequency  for 
the  gas  pressure  within  the  combustion  chamber  and  increases  the 
amplitude  of  the  oscillations  (Pig.  11.4).  With  a  rise  in  combustion- 
chamber  pressure,  there  is  a  drop  in  the  conversion  delay  time  for 
the  liquid  fuel  components  to  gaseous  products,  and  in  this  connec¬ 
tion  the  oscillation  frequency  increases,  whereas  the  amplitude 
diminishes  (Pig.  11.5).  The  physical  processes  within  the  combustion 
chamber  of  the  engine,  during  the  delay  period,  are  extremely  com¬ 
plex  and,  as  of  the  moment.  Inadequately  studied.  The  frequency  of 
pressure  oscillations  also  Increases  with  a  drop  in  the  reference 
length  of  the  engine  combustion  chamber  (ipj,  =  • 

It  has  been  established  that  spherical  and  elliptical  combus¬ 
tion-chamber  shapes  are  more  stable  with  respect  to  high  frequency 
oscillations  than  is  the  case  with  cylindrical  chambers.  An  Increase 
in  the  combust ion- chamber  fuel-flow  rate  and  a  drop  in  engine  thrust 
by  reducing  the  fuel-flow  rate  brings  the  operation  of  the  engine  to 
the  boundary  of  instability.  A  decrease  in  the  liquid-pressure  dif¬ 
ference  across  the  spray  nozzles  also  leads  to  unstable  engine  opera¬ 
tion,  this  caused  by  a  change  in  the  spray  regime  and  a  deteriora¬ 
tion  of  atomization  quality. 

“  ^zad  “  ^zaderzhka  “  ^lag^  * 


Pig.  11.4.  Oscillation  fre-  Pig.  11. 5.  Oscillation  fre¬ 
quency  as  function  of  com-  quency  as  function  of  fuel- 

bust  ion-  chamber  pressure,  at  combustion  delay  time.  1)  f--,,* 

1  =  2  and  3  m.  1)  f 

Pressure  fluctuations  in  the  combustion  chamber  may  arise  from 
a  variety  of  random  factors  (effect  of  design  and  aerodynamic  forces 
of  the  missile,  etc.) . 

In  the  case  of  Improper  engine  design,  the  engine  having  been 
made  without  the  specific  features  of  the  fuel  components  that  are 
used  In  the  engine  having  been  taken  Into  consideration,  fluctuations 
can  attain  a  destructive  force  and  can  even  be  accompanied  by  detona¬ 
tion  phenomena.  Generally,  within  a  wide  spectrum  of  frequencies 
two  to  three,  and  sometimes  even  four  basic  frequency  oscillations 
stand  out,  and  these  are  measured  In  tens,  hundreds,  and  thousands 
of  cycles  per  second. 

As  a  missile  accelerates  In  flight.  Inertial  forces  act  on  the 
feed  pressure  and  may  lead  to  operational  engine  instability.  MlSf 
slle  vibrations  may  be  caused  by  aerodynamic  forces,  which,  in  turn, 
has  a  substantial  effect  on  the  stability  of  engine  operation.  A 
change  In  the  temperature  of  the  surrounding  medium  from  -50  to 
+70®C  may  affect  not  only  the  chemical  and  physical  properties  of 
the  fuel,  but  the  operation  of  certain  engine  elements  as  well. 

Experiments  indicate  that  In  a  short  conibustlon  chamber  the 
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Intensity  of  longitudinal  compression  (shock)  waves  Is  lower  than 
would  be  the  case  in  a  long  chamber.  The  frequency  of  these  oscilla¬ 
tions  changes  in  inverse  proportion  to  the  length  of  the  combustion 
cheimber . 

The  length  emd  the  shape  of  the  congerving  portion  of  the  nozzle 
also  affects  the  longitudinal  stability  of  engine- chamber  operation. 

A  chamber  with  a  long  (relative  to  the  combustion  chamber)  subsonic 
nozzle  portion  is  more  stable  than  one  that  is  relatively  shorter. 

The  stabilizing  effect  of  the  diffuser  section  of  the  nozzle 
depends  on  the  manner  in  which  the  waves  are  reflected  from  the 
nozzle  to  the  chamber  head.  The  reflection  of  the  waves  at  each  point 
is  determined  by  the  corresponding  velocity  gradient.  The  greater 
the  gradient  and  frequency,  the  more  dispersed  the  reflection  pat¬ 
tern,  and  the  smaller  the  probability  of  resonance  and  the  appear¬ 
ance  of  instability. 

The  supersonic  outlet  section  of  the  nozzle  has  no  arbitrary 
effect  on  the  processes  taking  place  within  the  combustion  chamber, 
if  that  section  of  the  nozzle  does  not  violate  the  operating  con¬ 
ditions  within  the  critical  section  of  the  nozzle. 

Finally,  it  should  be  pointed  out  that  the  gas-pressure  fluc¬ 
tuations  within  the  combustion  chamber  variously  affect  the  com¬ 
bustible  and  oxidizer  flow  rates  within  the  chamber.  This  leads  to 
a  change  in  the  weight  relationships  between  the  coirponents  and, 
consequently,  to  a  change  in  the  delay  time  (combustion  rate), 
specific  rate  of  heat  liberation,  as  well  as  gas  ten^erature  and 
pressTore,  which  have  a  substantial  effect  on  engine  operating  sta¬ 
bility. 

In  order  to  eliminate  this  perturbation  factor  from  engine  opera¬ 
tion  and  to  reduce  its  effect,  the  fuel-feed  system  can  be  made  with 
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an  automatic  fuel-component  regulator.  In  the  form  of  a  servomech¬ 
anism  with  feedback.  Such  feed  control  can  be  accomplished  with  one 
or  more  feedback  loops,  although  theoretically  it  would  be  enough 
to  regulate  only  the  feed  of  the  oxidizer  or  the  combustible.  If 
a  fuel-feed  system  for  the  engine  is  selected  with  only  one  feedback 
loop,  this  should  be  connected  to  the  oxidizer  manifold,  since  this 
manifold  is  more  sensitive  to  the  pressure  fluctuations  within  the 
combustion  chamber. 

With  servo  control,  the  ZhgD  can  be  stable  in  operation  in  the 
low-frequency  region,  for  all  values  of  the  delay  time.  However,  it 
should  be  borne  in  mind  that  this  control  method  for  the  engine 
imposes  a  serious  practical  problem  with  reference  not  only  to  the 
mathematical  design  of  the  feedback  loop  but  with  reference  to  the 
regulator  circuit  which,  in  the  final  analysis,  converts  the  ampli¬ 
fied  electrical  signal  into  mechanical  oscillations  of  sufficient 
amplitude  in  the  frequency  Interval  being  examined. 

For  stable  engine  operation  it  is  necessary  to  Implement  a 
series  of  measures  which  are  frequently  associated  with  a  deteriora¬ 
tion  of  other  engine  characteristics. 

It  is  possible  to  raise  ZfflD  operating  stability  substantially 
by: 

1}  the  use  of  £in  expedient  design  for  the  atomization  head  of 
the  engine  chamber; 

2)  an  Increase  in  the  press\u*e  difference  across  the  spray  noz¬ 
zles  and  an  Increase  in  the  number  of  spray  nozzles  by  reducing  their 
capacity,  since  in  this  case  the  sensitivity  of  the  fuel-system  to 
pressure  changes  within  the  combustion  chamber  diminishes; 

3)  increasing  the  pressure  in  the  combustion  chaiidE>er,  since  in 
this  case  the  vaporization  and  fuel- combust ion  processes  beccxne  more 


intense,  the  delay  time  in  the  conversion  of  the  liquid  fuel  com¬ 
ponents  into  the  gaseous  products  of  combustion  is  reduced,  and  the 
phase  shift  between  the  Inflow  of  the  fuel  components  to  the  chamber 
and  their  combustion  narrows,  and  this  results  in  a  greater  gas- 
pressure  oscillation  frequency  in  the  combustion  chamber,  and  also 
leads  to  a  reduction  in  an^lltude; 

4)  a  well  organized  cycle  within  the  combustion  chamber  through 
special  structural  measures  (the  use  of  devices  augmenting  the  back- 
flow  of  hot  gases  in  the  area  of  the  atomization  head  of  the  chamber, 
which  reduces  the  delay  time;  various  types  of  spray  nozzles  in  a 
single  atomization  head,  which  increases  the  nonheterogeneity  of  the 
delay  time  for  various  sizes  of  fuel- component  drops  and  Improves 
engine  operating  stability,  etc.); 

5)  a  chsmge  in  combustion- cheunber  volume  by  Increasing  aHamber 
diameter,  since  a  greater  chamber  volume  serves  to  damp  the  gas- 
presstire  pulsations  during  engine  operation; 

6)  an  Increase  in  the  dimensionless  area  of  the  combustion 
chamber,  since,  in  this  case,  the  area  flow  rate  of  the  chamber  drops, 
and  the  preparation  processes  and  conditions  for  stable  fuel  com^ 
bustlon  Inqprove  up  to  a  certain  point;  in  certain  contemporary  en¬ 
gines,  the  dimensionless  area  of  the  chamber  attains  f^  = 

=  7.8,  and  the  reference  length  of  the  combustion  chamber  is 

4  meters; 

7)  the  utilization  of  certain  tJFpes  of  combustibles  (fuels) 
[Tonka-230,  etc.),  which  exhibit  a  small  ignition  lEig  and  provide 

for  a  stable  combustion  process  in  the  engine  with  selected  oxidizers, 
whether  in  the  case  of  throttling,  or  with  augmented  engine  opera¬ 
tion; 

8)  a  decrease  in  the  ignition  lag  period  for  the  fuel  components 
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by  heating  them,  and  using  special  catalysts; 

9)  the  proper  selection  of  fuel-feed  system,  manifold  length 
and  flowthrough  sections  and  the  most  advantageous  Installation  of 
this  system  on  the  engine; 

10)  the  selection  of  the  type  and  designs  for  valves  and  other 
elements  in  the  fuel-feed  and  control  system; 

11)  automatic  control  of  the  fuel- mixture  ratio  as  a  function 
of  changes  In  gas  pressure  In  the  combustion  chamber. 

By  varying  the  design  of  the  elements  In  the  fuel-feed  system 
as  well  as  the  parameters  of  these  elements  (the  length  and  diameter 
of  the  tubing,  the  hydraulic  resistance  of  the  units,  etc.).  It  is 
possible  partially  to  stabilize  engine  operation  and,  in  case  of 
need,  to  eiqjand  the  reinge  over  which  engine  thrust  may  be  varied. 

Engine  operating  stability  can  also  be  Improved  by  Increasing 
the  spped  at  which  the  fuel  components  are  fed  to  the  combustion 
chamber,  and  this  can  be  accon^llshed  by  reducing  the  diameters  of 
the  tubing. 

Not  only  Is  the  operating  characteristic  of  the  regulation  ele¬ 
ment  (cock,  valve,  etc.)  Important,  but  Its  dimensions  as  well.  The 
valve  must  be  designed  so  that  It  Is  half  open  during  normal  engine 
operations,  since  an  excessively  small  valve  will  always  be  open, 
whereas  an  extremely  large  valve  will,  for  the  most  part,  be  closed. 
Under  these  conditions,  the  valves  may  cause  Instability  In  engine 
operation. 

For  pu3?poses  of  controlling  the  pressure  In  the  combustion 
chamber  or  In  order  to  control  the  fuel-flow  rate.  It  Is  expedient 
to  use  valves  with  exponential  characteristics,  since  they  operate 
less  as  functions  of  the  operating  conditions  (static  fluid  pressure, 
flowthrough  sections,  and  lengths  of  tubing),  than  do  valves  with 
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linear  characteristics . 

Any  measure  which  leads  to  the  more  rapid  conversion  of  the  fuel 
into  the  products  of  combustion  (reducing  the  area  flow  rate,  im¬ 
proving  atomization  conditions  for  the  fuel  components,  Improving 
the  transfer  of  heat  to  the  atomized  drops  of  these  con?)onents, 
using  chemically  more  active  components,  heating  them,  euid  other 
meastuces)  will  serve  to  stabilize  engine  operation. 

However,  it  should  be  boi*ne  in  mind,  that  localization  or 
partial  reduction  of  anomalous,  at  times  destructive  gas-pressure 
pulsation  forces  within  the  combustion  chamber,  and  detonation 
phenomena  which  arise  on  starting  the  engine  or  within  large-dimen¬ 
sion  combustion  chambers,  by  employing  structural  measures  is  usually 
accon^anled  by  increasing  the  complexity  of  engine  design.  An  in¬ 
crease  in  the  fuel-con^onent  pressure  difference  across  the  "pliuitiblng" 
of  the  engine,  including  the  spray  nozzles,  leads  to  an  Increase 
in  the  capacity  and  weight  of  the  fuel-feed  system. 

The  development  of  design  methods  for  Zh^,  these  providing  for 
stable  operating  systems,  is  an  extremely  importaat  task,  since 
e3q>erlmental  adjustfient  of  engines  is  extremely  time-  and  labor- 
consuming,  and  requires,  in  addition,  tremendous  expendltvires . 

Of  greatest  liq>ortance  is  the  possibility  of  carrying  out  ana¬ 
lytical  computations  for  the  stability  of  low-frequency  pressure 
oscillations  in  the  conibustlon  chamber,  since  these  oscillations 
occur  most  frequently  in  the  design  of  new  types  of  engines,  and 
great  difficulties  are  encountered  in  attenqpting  to  control  these. 

The  mechanism  whereby  high-frequency  oscillations  and  shock  oscilla¬ 
tions  arise  has,  apparently,  much  in  common  with  the  mechanism  by 
which  low-frequency  oscillations  are  excited. 


SECTION  2.  AUTOMATIC  REOULATION  OP  ZhRD  OPERATING  REGIME 

In  order  to  attain  certain  values  of  the  dependent  variable 
parameters  during  engine  operation  under  flight  conditions  (per- 
second  flow  rates  for  combustible  and  oxidizer,  their  relationship, 
pressure  in  combustion  chamber,  engine  thrust,  or  change  in  these 
according  to  preset  program)  and  to  improve  the  flight  characteris¬ 
tics  of  the  weapon,  a  complex  automatic  regulation  system  is  neces¬ 
sary,  as  are  mechanical,  hydraulic,  and  electrical  systems,  or  com¬ 
binations  of  these. 

In  conteng)orary  Z^D,  wide  use  is  made  of  devices  for  the  auto¬ 
matic  regulation  of  engine'  thrust,  the  relationship  between  fuel 
coiQ)onents,  and  extensive  use  is  also  made  of  devices  for  start 
preparation,  start,  engine  shutoff,  operating  safety,  etc.  Auto¬ 
matic  regulation  has  a  stabilizing  effect  on  engine  operation. 

The  most  important  problem  in  ZhRD  regulation  is  to  provide  for 
timely  fuel  ignition  on  starting  the  engine,  and  maintaining  the 
combustion  of  the  fuel  during  the  transition  regimes  from  start  to 
rated  engine  operating  regime.  Operational  reliability  during  start¬ 
ing  for  certain  ZhRD  is  still  low  and  does  not  exceed  80^,  whereas 
their  reliability  in  the  operating  regime  attains  95  to  100}^. 

Fuel- ignition  reliability  as  the  engine  is  started  is  achieved 
most  simply  by  increasing  the  number  of  ignition  sources,  i.e., 
through  the  use  of  a  number  of  grain  (powder)  igniters,  a  separate 
and  corresponding  supply  of  hypergollc  fuel  components  or  a  power¬ 
ful  electric- spark  generator.  However,  in  order  to  prevent  a  dangerous 
accumulation  of  unconsumed  fuel  within  the  combustion  chamber  of  the 
engine,  we  require  the  physical  and  functional  consolidation  of  the 
system  used  to  spray  the  fuel  components  into  the  combustion  chamber 
with  the  system  used  to  control  the  feed  of  fuel  from  the  devices 


which  are  set  to  react  should  the  engine  fall  to  function  properly. 

A  high  reaction  rate  and  the  reproducibility  of  the  regulation7  system 
action  is  of  great  Importance. 

In  the  transitional  starting  regimes  it  is  possible  to  regulate 
a  ZhTO  as  a  function  of  time,  TNA  rpm,  or  the  fuel- component  pressure 
at  the  pun?)  outlets.  The  use  of  the  last  two  parameters  is  most 
logical,  since  this  makes  it  possible  directly  to  act  against  cer¬ 
tain  maladjustments  in  engine  operation.  Action  against  such  mal¬ 
adjustments  as  fuel- combustion  instability  or  the  breaking  off  of 
the  flame  must  be  taken  independently. 

In  contemporary  ZhRD,  the  systems  used  to  regulate  combustion 
are  based  on  the  use  of  hydromechanical  feedback,  reacting  to  the 
magnitude  of  pressure*.  Disruption  of  the  combustion  process  Instantly 
acts  on  the  fuel- feed  regulator.  Thus,  continuous  action  can  be 
maintained  both  for  the  Initial  ignition  process  as  well  as  for  the 
subsequent  transitional  combustion  processes. 

The  next  most  Important  problem  is  the  matter  of  regulating  ZhRD 
thrust.  Unlike  the  system  used  to  regulate  the  processes  of  igni¬ 
tion  and  fuel  combustion  for  which  we  require  reaction  to  hlghT fre¬ 
quency  oscillations,  the  thrust-regulation  system  must  be  limited  to 
a  frequency  of  10  cps  or  less.  The  purpose  of  such  regulation  is  the 
prevention  of  substantial  pressure  fluctuations  within  the  combus¬ 
tion  chamber  of  the  engine. 

The  precision  with  which  thrust  is  regulated  depends  on  the  type 
and  designation  of  the  engine.  For  exanqple,  for  starter  engines  and 
aviation  vernier  engines  which  develop  fixed  thrust  there  is  a  per¬ 
missible  range  of  ±5^  for  the  limit  values  of  fluctuations  in  regu¬ 
lated  thrust.  For  guided  missiles,  in  some  cases,  a  more  precise 
*Bcspress- Informat slya  AN  SSSR,  Issues  4  and  7,  RT,  1938* 
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regulation  of  thrust  magnitude  and  engine  shutoff  Is  required. 

Thrust,  combustion- chamber  pressure,  feed  pressure  from  one  or 
both  fuel  components,  and  the  rpm  of  the  turbopump  unit  serve  as 
feedback  for  the  regulation  of  ZhRD  operation. 

For  direct  measurements  of  thrust,  a  complex  design  for  en¬ 
gine  suspension  and  special  pickups  are  needed;  all  of  this  equipment 
is  generally  too  heavy.  The  selection  of  the  pressure  In  the  com¬ 
bustion  chamber  for  purposes  of  feedback  requires  a  connection  to 
the  hot-gas  source  in  the  combustion  chamber  and  does  not  provide 
for  the  direct  regulation  of  the  starting  transitional  regimes.  The 
combustible-  or  oxldizer-feed  pressure  provides  the  required,  al- 
thoxigh  Indirect,  change  in  pressure  within  the  combustion  chamber 
and  can  generally  be  used  for  purposes  of  regulation  In  starter 
regimes.  The  TNA  rpm  Is  best  used  as  feedback  only  to  balance  the 
capacities  of  several  TNA  in  a  multichamber  engine. 

At  the  present  time,  the  complex  automatic  regulation  of  the 
engine  operating  regime  may  be  Justified  only  for  ballistic  guided 
missiles.  For  missiles  of  limited  range,  where  design  simplicity  and 
low  cost  are  basic  requirements,  such  regulation  of  ZhRD  operation 
Is  Inefficient. 

Automatic  regulation  of  ZWD  operating  regime  In  flight  makes 
It  |)psslble: 

1)  to  liqprove  the  engine  characteristics  during  flight  by  keep¬ 
ing  the  regulated  parameters  constant  during  operation; 

2)  to  raise  the  economy  of  engine  operation  through  the  use  of 
an  optimum  fuel-mixture  ratio  and  to  Increase,  as  a  result  of  this, 
the  engine  operating  time  through  the  more  conqplete  utilization  of 
the  fuel  reserves  aboard  the  missile; 

3)  to  compensate  for  lack  of  fabrication  precision  In  the  fuel- 
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feed  system  elements  and  In  the  adjustment  of  the  engine  to  the 
operating  regime  under  static  conditions; 

4)  to  raise  dynamic  stability  and  engine  service  life  by  main¬ 
taining  normal  operating  processes  in  the  fuel-feed  system  and  in 
the  combustion  chamber  throughout  the  entire  time  of  operation,  at 
all  load  variations  and  for  all  perturbations  acting  on  the  mlsdlle 
during  flight  (acceleration,  interruption  of  smooth  functioning  of 
individual  units,  etc.); 

5)  to  compensate  for  the  scattering  of  the  fuel-feed  system 
characteristics  (pumps,  pressure  reducers,  etc.); 

6)  to  slnqpllfy  operation  and  Incrtase  operational  reliability 
for  the  engine; 

7)  to  expand  the  range  of  stable  engine  operation  with  thrust 
regulation  by  varying  the  rate  at  which  the  fuel  flows  into  the 
chamber . 

The  ZhRD  regulation  system  is  similar  to  other  regulation 
systems  in  that  it  represents  a  daflnltlvely  combined  group  of  links, 
and  if  any  link  is  improperly  designed  (calculated),  the  entire 
system  will  prove  to  be  Ineffective. 

Each  element  within  the  system  must  be  selected  and  designed 
not  only  from  the  standpoint  of  its  adaptability  for  its  assigned 
function,  but  also  from  the  standpoint  of  its  Joint  functioning 
with  elastic  elements. 

Specific  physical  limitations  are  Imposed  on  the  elements  which 
satisfy  the  required  characteristics.  Some  links  of  the  system  are 
relatively  constant  (for  example,  the  fuel  manifolds,  the  combustion 
chamber,  the  turbine,  the  puii^>s);  the  parameters  for  those  links 
are  determined  by  the  requirements  for  a  steady-state  regime  and 
the  conditions  of  static  stability.  However,  frequently  certain  param- 
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eters,  even  of  relatively  constant  elements,  may  undergo  change  with¬ 
in  narrow  limits.  The  final  determination  (fixing)  of  these  paramo 
eters  must  be  based  on  an  evaluation  of  their  Influence  on  the 
characteristics  of  the  entire  system.  The  variable  elements  of  the 
regulation  system  must  be  designed  so  as  to  satisfy  the  transitional 
characteristics  and  provide  for  dynamic  stability  In  the  engine. 

The  object  whose  operation  must  be  completely  or  partially 
regulated  automatically  Is  referred  to  as  the  regulated  object, 
whereas  the  Individual  quantities  subject  to  regulation  are  referi^ed 
to  as  regulated  quemtlties. 

The  main  element  in  a  regulated  ZhRD  are  the  following;  the 
combustion  chamber,  the  fuel  pumps,  the  fuel  manifold,  the  turbine, 
the  fuel- flow  regulation  valves,  and  the  thrust  regulator. 

The  characteristics  of  the  turbine,  the  pumps,  the  manifold, 
and  the  combustion  chamber  are,  for  the  most  part,  given,  since 
their  parameters  are  set  by  engine  thrust,  the  type  of  fuel,  and 
materials  used. 

The  basic  elements  of  the  regulation  system  are  the  regulators. 
The  signal  that  is  sent  as  a  result  of  a  change  in  a  regulated 
quantity  acts  on  a  regulator,  and  the  latter,  in  turn,  acts  to  change 
the  regulated  quantity  by  means  of  a  regulation  element.  Ihe  link 
which  closes  the  foliowup  circuit  at  any  point  is  referred  to  as 
main  or  basic  feedback. 

Depending  on  the  requirements  imposed  on  the  engine  cycle,  the 
regulator  must  maintain  the  value  of  the  regulated  quantity  con¬ 
stantly  and  at  a  specific  preset  level  or  change  it,  again  in  accor¬ 
dance  with  a  specific  preset  program.  In  the  latter  case,  we  have  the 
so-called  program  regulation. 

The  object  and  the  regulator  form  a  closed  system  of  automatic 
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regulation.  One  ot*  several  quantities  (parameters)  can  be  controlled 
(regulated)  on  the  given  object. 

Automatic  regulation  systems  involving  several  regulated  quan¬ 
tities  can  be  divided  into  noncoordlnated  and  coordinated  regulation 
systems.  Noncoordlnated  regulation  systems  are  those  Iftnwhlch  the 
regulators  which  serve  to  regulate  various  quantities  are  not  inter- 
coordinated  and  can  interact  only  through  the  object  common  tothem. 
The  coordinated  regulation  systems  are  those  in  which  the  regulators 
of  the  various  regulated  quantities  are  mutually  coordinated,  inter¬ 
acting  outside  of  the  object  being  controlled. 

The  regulation  (control)  process  can  be  continuous  or  periodic. 
The  principal  technical  solution  is  generally  presented  in  the  form 
of  a  feedback  control  system. 

In  planning,  the  following  basic  requirements  are  imposed  on 
®  ZhRD  regulation  system. 

1.  A  high  degree  of  control  with  the  minimum  number  of  system 
elements  and  the  minimum  expenditure  of  energy  on  servicing  thaae 
elements . 

2.  High  operational  reliability  for  the  system  as  the  engine 
is  started,  in  transitional  regimes,  and  in  the  rated  regime. 

3.  The  devices  performing  analogous  functions,  such  as  the 
tvirbopump  units,  the  fuel-component-feed  control  valves,  etc.,  must 
have  direct  mechanical  linkage. 

4.  Since  the  required  power  for  servicing  the  control  system 
of  a  ZhRD  may  be  considerable  in  view  of  the  presence  of  large  fuel- 
throttling  valves  operating  at  high  pressures  and  great  velocities, 
it  is  desirable  to  use  the  simplest  hydromechemlcal  systems  for 
control  purposes;  the  utilization  of  electric  power  should  be  re¬ 
duced  to  the  minimum,  and  the  use  of  air  as  an  energy  source  should 


also  be  restricted  In  order  to  eliminate  the  need  or  in  order  to 
reduce  the  requirement  for  high  pressure  within  the  flask, 

5.  In  order  to  reduce  the  weight  of  the  ZhRD  and  to  simplify 
its  design,  auxiliary  power  systems  (pneumatic,  electrical,  and 
hydraulic)  should  be,  to  the  extent  possible,  excluded  from  the  con¬ 
trol  system;  it  is  necessary,  to  the  greatest  extent  possible,  to 
utilize  the  potentials  to  be  gained  through  the  Installation  of 
engine- starting  regime  regulation,  units  directly  on  the  missile  launch 
pad. 

The  selection  of  the  ZhRD  operating  control  method  depends  on 
the  requirements  Imposed  on  the  engine;  for  exanqple,  constancy  of 
fuel-mixture  ratio  as  the  fuel  components  are  fed  to  the  engine 
chamber,  constancy  of  pressure  in  the  combustion  chamber,  or  change 
in  pressure  according  to  a  given  program,  etc. 

The  fuel-mixture  ratio  is  generally  controlled  by  calibrating 
the  hydraulic  systems  of  the  engine  and  through  experimental  ad¬ 
justment  of  the  system  resistances  to  con5>ensate  for  production 
allowances . 

In  starter  and  auxiliary-aircraft  ZhRD,  fuel  is  generally  fed 
from  the  main  aircraft  system.  In  these  cases,  the  duration  of  en¬ 
gine  operation  and  magnitude  of  thrust  are  not  the  main  factors  for 
the  aircraft  characteristics.  Therefore,  for  such  engines,  no  special 
regulation  is  required  for  fuel-mixture  composition  through  the 
metering  out  of  the  fuel  components. 

The  fuel-mixture  ratio  is  generally  regulated  when  it  is  im¬ 
portant  for  the  missile  to  attain  its  maximum  possible  velocity  at 
the  Instant  that  the  entire  supply  of  fuel  in  the  tanks  is  exhausted, 
or  when  the  maintenance  of  the  given  fuel-mixture  ratio  during  en¬ 
gine  operation  guaremtees  the  most  conqplete  utilization  of  fuel  energy 
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with  the  greatest  dyn£unlc  operating  stability. 

A  number  of  factors  affect  the  deviation  of  the  fuel  composi¬ 
tion  from  the  rated  optimum  values,  i.e., 

a)  change  in  component  density  due  to  change  in  component  tem¬ 
perature  during  flight  as  a  result  of  the  effects  of  atmospheric 
conditions  on  the  components; 

b)  the  effect  of  missile  acceleration  during  flight  on  the  en¬ 
gine  fuel-feed  system  (Pigs.  11.6  and  11.7); 

c)  pressure  fluctuation  in  the  ftiel-con^ponent  feed  due  to  scat¬ 
tered  pump  characteristics  and  fabrication  allowances  for  parts  with¬ 
in  the  fuel-feed  system,  etc. 

If  a  constsint  rated  fuel-mixture  ratio  is  not  maintained  during 
engine  operation,  the  conditions  for  and  completeness  of  combustion 
are  violated  and  the  gas-exhaust  velocity  from  the  engine  nozzle 
diminishes,  thus  leading  to  a  drop  in  and  at  the  instant  that 
the  engine  stops  working  a  certain  amount  of  one  of  these  components 
remains  in  the  tanks.  This  will  lead  to  an  Increase  in  the  final 
weight  of  the  missile  and  thus  impair  mass  transfer.  Simultaneously, 
the  operating  time  for  the  engine  will  decline,  and  this  will  lead 
to  a  drop  in  total  momentum. 

In  order  to  maintain  a  constant  fuel-mixture  ratio,  while  at  the 
setme  time  moving  the  fuel  out  of  the  tanks,  we  have  the  following 
three  ZhRD  operating  control  methods. 

1.  An  element  to  sense  gas  pressure  in  the  combustion  chamber  of 
the  engine  is  connected,  by  means  of  a  transducer  and  an  amplifier, 
to  a  servo-valve  Installed  in  the  combustible  (fuel)  and  oxidizer 
manifolds.  In  the  case  of  a  chemge  in  the  gas  pressure  in  the  com¬ 
bustion  chamber  due  to  disruption  of  the  established  per- second  fuel- 
component  flow  rates  and  their  weight  relationships  the  servo-valves 
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vary  the  fuel- component  flow  rates  so  that  the  rated  pressure  at  an 
optimum  fuel-mixt\ire  ratio  will  be  established  within  the  combustion 
chamber  (according  to  the  mathod  of  hydraulic  analogy) . 


Fig.  11.6.  In-line  and 
concentric  positioning 
of  fuel  tanks  aboard 
the  missile,  l)  Ethyl- 
alcohol  tank;  2)  liquid- 
oxygen  tank;  3)  tubing; 
4)  engine  chamber. 
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Pig.  11.7.  Increase  In  pressure  for  spray¬ 
ing  fuel  components  Into  combustion  cham¬ 
ber  because  of  acceleration  during  flight 
of  missile.  1)  With  In-line  positioning 
of  fuel  tanktj  2)  with  concentric  position¬ 
ing  of  fuel  tanks;  3)  termination  of 
burning  of  fuel  reserve  In  tanks;  A)  755^ 
ethyl  alcohol;  B)  liquid  oxygen;  C)  In¬ 
crease  In  feed  pressure  for  fuel  coro^ 
ponents.  In  kg/cm^;  d)  fuel- consumption 
time. 


2.  Volumetric  flowmeters  and  controlled  servo- valves  are  In¬ 
stalled  In  the  combustible  and  oxidizer  supply  tubes.  Through  the 
use  of  special  coniputers,  the  fuel-mixture  ratio  Is  determined,  and 
If  this  ratio  deviates  from  the  given  values,  this  device  transmits 
a  signal,  through  an  amplifier,  to  the  servo- valve  which  varies  the 
component  flow  rates. 

3.  ISie  fuel- component  level  In  the  temks  Is  kept  constant  by 
differential  pressure-sensing  elements,  and  If  there  Is  a  change  In 
the  flow  rate  or  If  the  weight  relationship  Is  disrupted,  a  special 
electric  circuit  controls  the  servo-valves  Installed  In  the  combus¬ 
tible  and  oxidizer  supply  tubes,  varying  the  per-second  flow  rates. 

Flgvire  11.8  shows  the  approximate  effect  of  deviation  In  the 
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fuel-mixture  ratio  from  the  rated  value,  at  maximum  vaioclty  \on 
and  total  flight  altitude  Hp*  for  the  mlHslle*^^. 

^  We  can  see  from  this  curve  that  the  shortage  of  oxidizer  In  the 

fuel  has  a  predominantly  greater  effect  on  reducing  the  above-men¬ 
tioned  missile  characteristics,  than  does  a  shortage  in  the  combus¬ 
tible.  Simple  calculations  will  demonstrate  that  In  the  case  of  in¬ 
line  positioning  of  the  fuel  tanks  aboard  the  missile,  the  fuel- 
mixture  ratio  Increases  after  starting,  and  then  diminishes;  at  the 
end  of  the  engine  operation,  the  value  of  the  fuel-mixture  ratio 
drops  below  Its  starting  value;  this  may  yield  a  deviation  of  up  to 
10%  from  the  rated  ratio  In  the  region  of  a  lean  fuel  mixture,  and 
In  the  case  of  a  rich  mixture,  the  deviation  may  be  as  high  as  6%. 
Such  a  change  In  the  fuel-mixture  ratio  relative  to  the  rated  value 
Is  particularly  Intolerable  for  missiles  developing  great  thrust. 

Calculations  indicate  that  a  55^  variation  In  the  fuel-mixture 
ratio  relative  to  Its  optimum  value  reduces  specific  engine  thrust 
by  a  factor  of  almost  With  a  2%  deviation  In  X  from  the  rated 

value  during  the  flight  of  the  missile,  there  will  be  a  corresponding 

failure  to  burn  up  completely  one  of  the  fuel  components  emd  as  a 

/ 

result  we  will  have  a  drop  of  almost  k%  In  the  final  velocity  of  the 
missile. 

Figure  11.9  shows  the  principal  diagram  for  a  system  of  auto¬ 
matic  control  of  the  fuel-mixture  ratio  which  changes  because  of 
acceleration  during  the  flight  of  the  missile. 

With  this  circuit,  the  combustible  emd  oxidizer  flow  rates  per 
given  luilt  time  and  their  ratio  are  measured  and  compared  with  the 
rated  values.  A  deviation  In  the  ratio  from  the  rated  values  causes 

^  ^  “  ^olnaya  “  *^total*^ 

*#Zeltschrlft,  VDI,  Bd.  99  [Journal,  Association  of  German  Engineers] 
-No.  2,  1957. 
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Pig.  11.8.  Effect  of  deviation  In  fuel-mixture 
ra^lo  from  rated  value  of  on  velocity 

Vn  at  end  of  powered  phase  and  on  total  flight 

altitude  Hp  for  missile  (fuel,  ethyl  alcohol  + 

liquid  oxygen),  a)  Region  of  excess  combustible; 
b)  region  of  excess  oxidizer;  l)  relative  devia¬ 
tion  in  velocity  and  in  total  flight  alti¬ 
tude  Hp  with  nonrated  X;  2)  relative  deviation 
in  fuel-mixture  ratio  from  rated  value  of  Xj.gach* 


a  control  signal  to  be  sent,  and  in 
this  way  the  combustible  feed  (or 
oxidizer  feed)  is  increased  or  re¬ 
duced  by  meEtns  of  the  control  link 
to  the  point  at  which  the  deviation 
attains  tolerable  magnitudes.  With 
such  circuits,  we  can  use  devices 
that  are  kept  under  stepped  or  con¬ 
tinuous  control. 

Figure  11.10  shows  a  convenient  circuit  for  an  automatic  fuel- 
mlxture-ratlo  control  system  which  eiqploys  the  method  of  measuring 
the  hydrostatic-pressure  differences  for  the  conqponents  in  the  tanks. 

Given  a  pressure  difference,  this  control  circuit  employs  mer¬ 
cury  differential  manometers  housed  in  the  oxidizer  and  combustible 
tanks,  and  the  manometer  surface  is  used  to  short  the  loops  of  wire- 


Flg.  11.9.  Diagram  of  engine 
with  automatic  fuel-mixture  ' 
ratio  control.  1)  Oxidizer 
tubing:  2)  combuatlble  tub¬ 
ing;  3)  sensing  element; 

4)  regulator;  5)  nominal 
sensing  element;  6)  hydraulic 
throttle;  7)  engine  chaniber. 
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Pig.  11.10.  Fuel- mixture- ratio 
control  circuit  en^loylng 
method  of  measuring  pressure 
differences  across  engine  fuel 
tanks  of  hlgh-altltude  missile. 
1)  Oxidizer  tank;  2)  combus¬ 
tible  tank;  3)  differential 
manometer;  4)  fuel-mixt\ire 
ratio  regulator;  5)  actuator 
throttle  drive;  6)  hydraulic 
throttle;  7)  engine  chamber. 


Pig.  11.11.  Automatic  engine-thrust 
control  circuit  enqploylng  the 
method  of  comparing  thrust  magni¬ 
tude  or  combustion- chamber  pressure 
against  given  values.  1)  Combus¬ 
tible  supply  tube;  2)  oxidizer 
supply  tube;  3)  control  valves; 

4J  Instrument  measuring  thrust; 

5)  engine  chamber;  6)  sensing  ele¬ 
ment  for  gas  pressure  In  combus¬ 
tion  chamber;  7)  signal  of  pres¬ 
sure  In  combustion  chamber:  8)  sig¬ 
nal  of  thrust  magnitude;  9)  given 
value  for  engine  thrust  (pressure) ; 
10)  thrust  regulator;  A)  thrust. 


wound  resistors  situated  In  the  manometer  bands,  and  this  affects 
the  measuring  mechanism  of  the  regulator. 

Constancy  of  engine  thrust  can  be  controlled  by  changing  the 
rate  of  fuel  flow  Into  the  combustion  chamber  or  by  varying  the  gas 
pressure  In  the  chamber.  In  the  simplest  case,  the  spray  pressure 
for  the  fuel  coi^ponents  and,  consequently,  the  fuel  feed  can  be  varied 
mechanically  through  the  use  of  a  throttling  device  (Plg.  11.11). 

The  pressure  In  the  combustion  chamber  Is  generally  the  parameter  to 
be  regulated.  VThen  It  becomes  necessary  to  maintain  constant  en¬ 
gine  thrust  with  respect  to  flight  altitude,  the  ambient  pressure 
must  serve  as  an  additional  parameter.  The  effect  of  a  change  In 
thrust  will  be  taken  Into  consideration  when  engine  thrust  serves 
as  a  control  parameter.  In  special  cases,  total  missile  acceleration 
may  be  enq)loyed  for  purposes  of  regulation. 

At  the  present  time,  engines  using  turbopump  units  attain  the 
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required  changes  in  fuel  feed  by  re¬ 
ducing  the  rpm  of  the  TNA.  In  this 
case,  the  pressure  in  the  combustion 
chamber  is  received  and  compared  with 
the  feed  pressure  proportional  to 

Pig.  11.12.  Automatic  thrust  the  magnitude  of  required  thrust, 
and  fuel -mixture- ratio  con¬ 
trol  circuit.  1,  2)  The  same  The  pressure  difference  is  trans- 
as  in  Pig.  11.11;  3)  flow¬ 
meter;  4)  control  valves;  mltted  to  the  corresponding  regulator 

5)  fuel- mixture- ratio  re¬ 
gulator;  6)  given  value  of  situated  at  the  inlet  to  the  gas 

fuel-mixture  ratio;  7)  by¬ 
pass  device;  8)  sensing  ele-  generator  in  order  to  provide  coor- 
ment  for  gas  pressure  In 

combustion  chamber;  9)  gas-  dlnation  between  actual  thrust  and 

pressure  regulator  In  com¬ 
bustion  chamber;  10)  given  the  thrust  for  the  given  feed.  This 

value  of  presstire  in  com¬ 
bustion  chamber.  TNA  control  method  has  a  serious 

shortcoming,  l.e.,  substantial 
:  ■  .  system  inertia. 

An  automatic  control  system  must  prevent  changes  in  the  given 
turbine  rpm  of  more  than  and  the  system  must  also  stabilise  en¬ 
gine  Operation  for  a  given  thrust. 

If  several  variable  engine  parameters  have  to  be  controlled 
simultaneously  (for  example,  thrust,  fuel-mixture  ratio),  then  multi¬ 
ple  control  is  employed  (Pig.  11.12).  ahe  principle  behind  this  con¬ 
trol  method  also  Involves  the  regulator  comparison  of  the  given 
value  of  the  parameter  against  its  measured  value  and  action  on  the 
positions  of  the  fuel  throttle  valves  or  TOA  rpm.  It  is  most  ef¬ 
fective  to  control  the  TMA  rpm,  since  in  this  case  the  pumps  change 
rpm  by  an  equal  amount,  and  this  prevents  substamtlal  deviations  In 
the  quantity  x. 

The  corresponding  block  diagram  for  multiple  control  (Pig.  11.13) 
Indicates  that  there  are  side  links  which  can  subsequently  affect 


engine  operating  stability.  In  this  case,  the  thrust- control  pararo- 
Pj^  is  determined  not  only  by  the  control  sector  4  but  through 
the  side  link  6  as  well,  i.e.,  by  the  parameter  controlling  the  fuel- 
mixture  ratio.  The  perturbation  factor  (for  example  acts  not  only 
on  Pj^,  but  also  acts  on  the  magnitude  of  the  fuel-mixture  ratio  X 


through  side  link  7. 


Pig.  11.13.  Block  diagram  for 
simultaneous  fuel-mlxture- 
ratlo  and  thrust  control. 

I)  Thrust  regulator;  2)  input 
of  nominal  value  of  pressure 
Pj^  in  combustion  chamber; 

3)  output  value  of  thrust- 
control  parameter;  4)  pres¬ 
sure-control  sector;  5)  input 
of  true  value  of  pressure  in 
combustion  chamber;  6)  side 
link  between  4  and  8;  7)  side 
link  between  1  and  10;  o)  fuel- 
mlxture-ratlo  regulator; 

9)  input  of  nominal  value  for 
fuel-mixture  ratio;  10)  fuel- 
mlxture-ratlo  control  sector; 
z^-z^^) -perturbation  factors; 

II)  output  of  fuel-mixture- 
rat  lo  control  parameter; 

12)  input  of  tcue  value  of 
fuel-mixture  ratio. 


Fig.  11.14.  Principal  dleigram  of 
Zhgp  with  TNA,  employing  automatic 

thrust  and  fuel- mixture- ratio  con¬ 
trol  (at  left)  and  the  block  dla- 
greun  of  the  automatic  control  sys¬ 
tem  (at  right) .  1)  Combustible 
tank;  2)  oxidizer  tank;  3)  gfts- 
generator  fuel-flow  rate  regula¬ 
tor;  4)  two- component  gas  genera¬ 
tor;  5)  control  cock;  6)  gas  tur¬ 
bine;  7)  oxidizer  pulI^>;  8)  fuel 
flowmeter;  .9)  thi?ust  regulator; 
10)  combustion  chamber;  11)  fuel- 
mixture-ratio  regulator;  12)  com¬ 
bustible  pump:  13)  turbine  rpm 
regulator;  14)  oxidizer  supply 
tube;  15)  combustible  supply  tube; 
16)  transmission  of  perturbat/Lon 
due  to  missile  acceleration;  A 
A)  combustion  chamber;  B)  turbine 
rpm. 
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Figure  11,14  shows  the  principal  diagrams  for  with  a  turbopump 
fuel-feed  system,  automatically  regulated  for  thrust  «md  fuel-mixture 
ratio  (at  left)  and  the  right-hand  side  of  the  figure  shows  a  block 
diagram  of  the  automatic  control  system.  The  circuit  Incorporates 
several  feedbacks  which  make  up  a  complex  system  of  dynamic  Inter- 
actfion  between  various  units.  Thrust  is  controlled  by  changing  pres¬ 
sure  in  the  combustion  chamber,  and  the  fuel-mixture  ratio  is  con¬ 
trolled  by  changing  the  combustible  flow  yate;  the  operation  of  the 
gas  generator  is  regulated  by  varying  the  TOA  rpm.  All  in  all,  there 
are  six  closed  control  loops  with  their  corresponding  side  links  in 
the  system.  The  various  pressvire  regulators  used  in  the  system  form 
auxiliary  parallel  control  circuits  which,  la /the  ?ase  of  unstable 
engine  operation,  act  on  the  basic  control  circuits  as  perturbation 
factors. 


Fig.  11.13<  Block  diagram  of  automatic  control 
system  for  multichamber  ZhRD(wlth  the  exception 
of  fuel-mixture- ratio  control).!}  00  [gas  genera¬ 
tor]  valve;  2)  gas  generator;  3)  main  regulator; 
4)  gas  turbine;  3)  turbine  rpm  regulator: 

6)  thznist  regulator;  7)  oxidizer  pump;  8)  combus¬ 
tible  pump:  9)  actlbn  of  flight- acceleration 
factor;  10)  oxidizer  supply  tube:  11)  combus¬ 
tible  supply  tube;  12,  13,  and  l4)  first,  second, 
and  third  combustion  chambers,  respectively; 

A)  rpm. 


Fig.  Diagram  of  test  stand  for  engine  em¬ 

ploying  regulation  of  pressure  constancy  In  com¬ 
bustion  chamber.  1)  Pressure  reducers;  2)  oxidizer 
tank;  3)  combustible  tank;  4)  shut-off  valves; 

5)  pressure- reducer  control;  6)  manometers; 

7)  receiver  and  transmitter  elements;  8)  manual 
control  valve;  9)  automatic  control  valve; 

10)  pressure  regulator;  11)  Input  of  gas  pres¬ 
sure  to  combustion  chamber;  12}  point  at  which 
pressure  Is  checked;  13)  pressure  sensing  ele¬ 
ment;  l4)  engine  chamber. 


Pig.  11.17.  Diagram  of  test  stand  for  engine  em¬ 
ploying  regulation  of  fuel-mixture  ratio  and  pres¬ 
sure  In  conibustlon  chamber,  l)  Combustible  tubing; 
2)  oxidizer  tubing;  3)  flowmeters;  4)  flow- rate 
sensing  elements;  5)  fuel-mixture- ratio  regulator; 

6)  conqputer  for  detexmlnatlon  of  flow  rate; 

7)  computer  for  determination  of  gas  exhaust  velo¬ 
city  w^  *  engine- chamber  nozzle; 

8 j control  valve;  9)  re^lator  of  gas  pressure  In 
combustion  chamber;  10}  pressure- sensing  element; 
11)  point  at  which  pressure- sensing  element  Is 
Installed;  12)  engine  cheunber;  13)  thrust  meter. 


In  the  exanqple  cited  here,  we  were  dealing  with  the  problem  of 
the  automatic  control  of  only  a  single  engine  chainber.  In  practice. 
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it  is  possible  to  combine  several 
engine  chambers  into  a  single  over¬ 
all  control  circuit.  In  multichamber 
ZbRD,  in  order  to  avoid  nonsymmetry 
in  the  thrust  being  controlled,  it 
is  necessary  to  maintain  strict  con- 


Pig.  11.18.  Change  in  gas  ex¬ 
haust  velocity  from  engine- 
chamber  nozzle  as  function  of 
changes  in  fuel-composition 
factor  and  gas  pressure  in 
combustion  chamber,  l)  Nominal 
value  of  Pjj.  and  w^j  2,  3,  and 

4)  curves  of  three  various 
values  of  p^^  =  const; 

and  Xmay)  boundaries  of 

stable  et^lne  operation; 

A)  nv/sec; 


formlty  between  the  thrusts  of  the 
individual  chambers  (engines) .  The 
block  diagram  for  a  multichamber 
engine  without  a  fuel-mixture-ratio 
control  system  is  shown  in  Pig.  11.15. 

The  methods  examined  above  are 
useful  only  for  the  control  of 
thrusts  within  narrow  limits,  within 


which  the  stability  of  the  combustion  process  is  not  substantially 
disturbed  as  a  result  of  the  Indirect  changes  in  fuel- component  pres¬ 


sure  differences  across  the  spray  nozzles. 

In  determining  ZWD  characteristics  on  a  test  stand,  it  is  ex¬ 
pedient  to  make  extensive  use  of  automatic  control  and  auxiliary 
computers  which  make  it  possible  to  eliminate  possible  errors  which 
arise  in  "manual"  control;  in  addition,  the  coi^puters  make  it  possi¬ 
ble  to  obtain  all  of  the  necessary  engine  characteristics  without 


any  additional  calculations.  Automatic  control  in  experimental  in¬ 
vestigations  of  an  engine  also  yield  fuel  economy,  as  well  as  more 
conqplete  and  more  precise  determination  of  the  necessary  characteris¬ 
tics,  while,  at  the  same  time,  reducing  the  amount  of  labor  required. 
As  an  exanqple,  below  are  presented  diagrams  of  equipment  in  which 
the  gas  pressure  in  the  coihbustlon  chamber,  the  fuel-conqposltlon 
factor,  etc.,  are  used  as  control  parameters. 
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The  device  shown  in  Pig.  11.16  makes  It  possible  to  obtain  ex¬ 
haust  velocity  as  a  function  of  the  fuel-mixture  ratio. 

Figure  11.17  shows  a  diagram  of  a  test  stand,  en?>loying  regula¬ 
tion  of  the  fuel-mixture  ratio  and  the  pressure  in  the  combustion 
chamber.  This  device  makes  it  possible  to  determine  as  a  ftinc- 
tion  of  X  for  variable  values  of  and  as  a  function  of  Pj^  at 
various  values  of  X,  as  well  as  to  carry  out  control  engine  tests 
with  constant  values  for  Pj^.  and  X  (Plg.  11. 18). 

A  test  stand  with  a  device  for  the  automatic  control,  in  addi¬ 
tion  to  the  pressure  in  the  tanks,  of  thrust,  fuel-flow  rate,  pres¬ 
sure  in  the  combustion  chamber,  the  latter  all  measured  directly, 
makes  it  possible  to  bring  out  a  series  of  other  factors  which  can 
be  calculated  by  means  of  the  computers  shown  in  Pig.  11.17  the 
dashed  lines  (devices  6  and  7). 
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Chapter  XII 

CERTAIN  PROBLEKS  ENCOUNTERED  IN  ZhRD  OPERATION 

The  concluding  stage  in  the  development  of  a  ZhRD  is  the  start¬ 
ing  system,  operational  control,  and  the  stopping  of  the  engine. 

This  stage  of  the  planning  Is  closely  associated  with  the  develop¬ 
ment  of  the  fuel-feed  system  for  the  combustion  chamber  of  the  en¬ 
gine. 

With  Improper  functioning  of  the  ignition  and  starter  systems, 
both  engine  breakdown  and  the  destruction  of  the  entire  flying  craft 
are  possible.  Therefore,  In  planning  a  ZhRD  particular  attention  must 
be  devoted  to  the  problems  of  reliable  starts,  engine  operation,  and 
engine  shut-off. 

The  starting  and  stopping  system  for  the  engine  primarily  de¬ 
pends  on  the  tactical  designation  of  the  engine  and  the  magnitude 
of  the  thrust  developed.  For  single-  and  multi- shot  engines,  struc¬ 
turally  different  systems  may  be  employed;  for  example,  the  require¬ 
ment  for  repeated  engine  starts  iniposes  additional  conditions  on  the 
functioning  of  the  fuel- Ignition  system  and  the  automation  equipment. 

For  smooth  and  rapid  engine  start,  the  Ignition- control  system 
must  be  accurate  and  precise,  and  the  servicing  personnel  must  be 
coiqpletely  fasdllar  with  the  cozrespondlng  technical  data  (Instruc¬ 
tions)  . 

nils  chapter  presents  short  reviews  of  the  basic  fuel-lgnltlon 
methods  employed,  as  well  as  the  rules  governing  the  starting  and 
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the  stopping  of  a  mu  In  addition,  certain  other  problems  encount¬ 
ered  in  the  operation  of  engines  are  also  discussed. 

lECTIpN  1.  ENGINE  OPERATING  RELIABILITY 

ZhRD  engine  operation  during  Its  guaranteed  service  life  Is  one 
of  Its  basic  characteristics.  This  factor  must,  of  necessity,  be 
taken  into  consideration  in  designing  a  new  type  of  rocket  engine. 

Engine  failure  occurs  primarily  during  starting,  and  as  a  re¬ 
sult: 

1)  of  the  nonrellabllity  of  the  ignition  unit  in  the  automatic 
starter  equipment; 

2)  of  the  low  quality  of  the  starter  or  working  fuel  components, 
as  a  result  of  which  they  initially  do  not  burn  satisfactorily; 

3)  of  improper  exploitation  of  the  material  portion  of  the  en¬ 
gine  (deviations  from  given  regimes  of  starting  and  stopping,  failure 
to  carry  out  starting  Instructions,  etc.); 

4)  of  operating- regime  instability,  caused  by  unsatisfactory 
functioning  of  thrust- control  units;  because  of  these  units,  the 
engine  may  not  develop  total  thrust,  euid  this,  during  starting,  may 
lead  to  the  explosion  of  the  engine. 

The  explosion  of  the  engine  is  extremely  dangerous,  since  it 
sometimes  leads  to  considerable  destruction,  particularly  if  the  ex¬ 
plosion  is  transmitted ^to  the  fuel  components  in  the  tanks. 

E:q>loslon8  and  breakdowns,  occurring  at  times  in  engines  operat¬ 
ing  In  normal  regimes  (or  as  the  engine  is  stopped),  may  be  attributed 
to  the  same  factors  as  engine  failure  during  starting,  as  well  as  to 
the  unsatisfactory  functioning  of  the  cooling  system.  Improper  opera¬ 
tion,  Inadequate  structural  strength  of  the  individual  engine  ele¬ 
ments,  an  unsatisfactory  fuel-feed.systea;;  a  non-normal  combustion 
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process,  etc.<^ 


The  explosion  of  the  engine  during  starting  can  be  avoided  by 
In^oslng  more  rigid  requirements  on  the  Ignition  system,  reducing  . 
the  fuel-flow  rate  to  the  chamber  during  starting,  etc.  Starting 
reliability  for  the  engine.  In  great  measure,  depends  on  the  start¬ 
ing  system. 

The  danger  of  explosions  la  ZhTO  follows  directly  from  the 
operating  conditions  for  these  engines.  The  greatest  danger  of 
engine  explosion  exists  during  starting.  Non-normalcy  In  the  func¬ 
tioning  of  the  starting  and  Ignition  system^, leading  to  an  Ignltldnn 
lag  for  the  fuel  conponents  being  sprayed  Into  the  combustion  cham¬ 
ber,  unavoidably  leads  to  explosion.  When  this  Ignition  lag  Is 
Insignificant,  the  explosion  can  be  of  smaller  or  greater  force. 
Given  a  significant  Ignition  lag  for  the  mixture,  or  In  the  case 
of  a  large  start  fuel  consungjtlon,  or  with  an  unreliable  Ignition 
system  In  the  engine,  explosions  are  possible  In  the  mixture  and 
these  can  destroy  the  engine  as  well  as  the  weapon.  Ignition  lag 
may  be  caused  as  a  result  of  the  fact  that  the  Initial  vaporization 
and  mixing  of  the  combustible  (fuel)  mixture  In  the  cold  combustion 
chamber  of  the  engine  Is  substantially  less  thorough  than  Is  the 
case  for  a  normal  heat  regime  In  the  chamber,  and  at  a  number  of 
points  In  the  chamber,  a  large  number  of  excessively  lean  or  rich 
fuel  mixture  zones  are  formed. 

On  starting  the  ZhRD  using  hlgh-bolllng  fuel  conqponents,  the 
formation  of  an  explosive  fuel  mixture  Is  most  likely  with  the  least 
possible  Ignition  lag.  In  the  case  of  low-bolllng  oxidizers,  espe¬ 
cially  In  the  case  of  liquefied  gases,  there  Is  less  possibility  of 

explosion,  since  the  first  batches  of  such  an  oxidizer  vaporize 
».yet  propulsion,  Vol.  6,  No.  6,  1957. 
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easily. 

For  satisfactory  Ignition  of  the  fuel  components,  with  per¬ 
missible  ignition  lag,  it  is  necessary  to  have  high-quality  mixture 
f  oxna&t6n<  if  or  the  component  batches  fed  to  the  combustion  chamber. 

The  type  of  fuel  and  its  capacity  to  Ignite  play  significant 
roles.  Hie  easier  a  fuel  ignites,  the  lower  its  ignition  point,  and 
the  "softer"  the  spart  of  the  engine.  Therefore,  the  addition  of 
several  substances  to  the  oxidizer  and  combustible  activate  the  ig¬ 
nition  of  the  fuel. 

An  explosive  combustible-oxidizer  mixture  (one  inclined  to 
detonation) ,  accumulating  within  the  combustion  chamber  during  the 
ignition  lag,  is  capable  of  producing  tremendous  destruction  on 
ignition.  It  is  precisely  for  this  reason  that  the  overwhelming 
majority  of  engine  explosions  occur  during  engine  start.  However, 
on  stopping  the  engine,  we  find  that  destructive  explosions  sometimes 
also  take  place  as  a  result  of  Inqperfections  in  engine  design;  for 
example,  in  the  mixture- format ion  system,  in  the  automation  system, 
or  because  of  similar  factors. 

Engine  start,  in  great  measure,  depends  on  the  fuel- component- 
feed  pressure,  the  hydraulic  shock  in  the  atmospheric-pressure  system, 
and  on  slihllar  factors.  The  greater  engine  thrust,  the  more  diffi¬ 
cult  the  conditions  for  safe  start  and  reliable  operation;  however, 
here  we  are  dealing  with  great  fuel-flow  rates,  and  high  temperatures 
and  pressures  in  a  system  of  large  stressed  volumes.  Therefore,  in 
ZhRD  developing  great  thrust  the  role  of  automation  in  the  control 
of  all  starting,  operational  control,  and  engine- shut- off  processes 
must  be  Increased.  Highly  developed  automation  must  provide  for  reli¬ 
able  double  blocking  where  this  is  called  for,  and  control  all  of 
the  elements  Involved  in  the  starting  process  with  minute  precision. 


There  are  particularly  serious  difficulties  encountered  in  the 
development  of  engines  to  function  on  a  monopropellant  fuel  contain¬ 
ing  both  the  oxidizer  and  the  combustible;  in  addition,  there  are 
difficulties  in  the  development  of  engines  employing  separate  supply 
systems  for  the  combustible  and  oxidizer  when  these  fuel  components 
explode  on  contact.  In  this  case,  an  eaqploslon  in  the  combustion 
chamber  may  lead  to  the  explosion  of  the  fuel  in  the  tanks  or  in  the 
feed  system. 

Fuel  components  that  explode  can  be  permitted  only  if  a  special, 
particularly  powerful,  exciter  (not  encountered  in  the  process  of 
using  these  components)  is  required  in  order  to  initiate  explosion 
in  these  components.  As  a  rule,  unstable  monopropellant  conQ>onents 
must  not  be  used,  since  even  a  well  designed  engine  cannot  eliminate 
the  possibility  of  nonuniform  shocks  and  explosions  with  the  use  of 
such  fuels,  particularly  if  the  engine  is  started  improperly. 

In  such  cases,  the  fuel  tanks  and  the  engine  must  be  situated 
in  the  immediate  vicinity  of  one  another  for  structural  reasons,  and 
this  makes  it  necessary  to  lnpose  particularly  rigid  requirements 
on  the  fuel  components  in  terras  of  their  stability.  It  is  precisely 
these  considerations  of  chemical  stability  that  make  it  necessary 
to  store  the  fuel  coirponents  in  separate  tanks. 

At  the  present  time,  the  control  process  for  fuel  combustion 
in  the  engine  has  already  been  mastered,  so  that  the  case  of  an  explo¬ 
sion  in  a  perfected  design  is  extremely  rare  after  the  engine  has 
started  functioning  and  entered  its  normal  regime,  in  a  steady-state 
operating  regime,  the  engine  may  explode  as  a  result  of  a  break  in 
the  hermetic  sealing  of  the  assemblies  and  "plumbing,”  or  as  a  result 
of  breaks  due  to  poor  fabrication  or  installation  quality,  or  be¬ 
cause  of  other  factors  (vibrations.  Inadequate  strength  of  individual 
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elements) . 

The  engine  must  be  made  so  as  to  prevent  any  hydraulic  shocks 
or  pulsations  within  the  feed  system  at  the  instant  that  the  engine 
is  started. 

Increased  ZhTO  operating  reliability  is  possible  through  the 
method  of  duplication,  which  involves  the  design  of  areveral  auxiliary 
assemblies  and  systems  which  can  replace  the  basic  assemblies,  and 
automation  systems  for  the  engine,  should  the  basic  assemblies  fall 
to  operate.  This  is  expedient  only  when  the  Increased  weight  of  the 
engine  resulting  from  duplication  can  be  con^ensated  by  substantially 
improved  operating  reliability. 


SECTION  2.  START  AND  STOPPING  IHE 

The  starting  and  stopping  of  engines  rank  among  the  more  complex 
stages  of  engine  operation.  Therefore,  in  planning  ZhRD,  we  should 
devote  particular  attention  to  problems  of  reliable  engine  starts 
and  stops.  The  engine  is  generally  started  from  a  panel,  if  the 
entire  weapon  is  ready  for  flight. 

The  basic  requirement  for  starting  and  stopping  an  engine  can  be 
summed  up  in  the  need  to  provide  for  the  reliable  and  smooth  transfer 
of  the  engine  to  the  basic  operating  regime  and  to  shut  the  engine 
off  on  command.  In  addition,  the  starting  process  should  not  oyer¬ 
load  the  chamber  and  should  require  a  minimal  expenditure  of  time. 

At  the  present  time,  there  are  hypergollc  fuels  which  provide 
high  efficiency  (specific  thrust);  however,  starting  engines  with 
these  fuels  (en^loylng  the  "charge”  method)  results  in  extreme  com¬ 
bustion-chamber  overloads  (see  Fig.  11.1).  The  duration  of  the  start¬ 
ing  process  depends,  primarily,  on  the  time  needed  to  actuate  the 
automation  system  and  the  rapidity  at  which  the  required  fuel- com¬ 
ponent  feed  pressure  can  be  built  up.  The  time  from  the  Instant  at 
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which  the  liquid  leaves  the  spray  nozzle  to  the  time  at  which  total 
pressure  in  the  combusclon  chamber  is  attained  is  0.05  to  0.1  sec., 
and  this  makes  up  only  part  of  the  total  time  (1-2  sec)  generally 
alotted  to  starting. 

For  the  reliable  starting  of  a  it  is  necessary  to  meet  the 

following  conditions. 

1.  As  the  engine  is  started,  it  should  not  be  permitted  that  a 
large  amount  of  one  or  both  of  the  fuel  components  accumulate  in  the 
combustion  chamber.  It  is  particularly  dangerous  for  both  components 
to  accumulate  in  the  combustion  chamber,  since  the  combustible  and 
oxidizer  mixtures  used  in  ZhgD  are  explosive.  If  at  the  start  of 
Ignition,  a  large  amount  of  the  fuel  (combustible)  mixture  accumu¬ 
lates  in  the  combustion  chamber,  the  gas  pressure  will  suddenly  in¬ 
crease  to  extremely  high  magnitudes  as  the  engine  is  started,  l.e., 
a  shock  of  excessive  strength  will  take  place,  and  this  shock  may 
lead  to  the  destruction  of  the  engine. 

In  order  to  prevent  this,  the  starting  system  of  the  engine  must 
provide  for  fuel- component  ignition  in  no  more  than  0.03  seconds 
6Lfter  the  fuel  components  enter  the  combustion  chamber. 

In  order  to  reduce  the  accumulation  of  the  combustible  mixture 
in  the  combustion  chamber  at  the  Instant  of  starting,  in  engines 
developing  great  thrust  the  starting  flow  rate  of  the  fuel  components 
should  be  set  considerably  below  that  of  the  basic  flow  rate,  l.e., 
a  step-by-step  fuel-conq;>onent  feed  to  the  combustion  chaniber  should 
be  Introduced,  with  the  subsequent  stage  (step)  attained  after  the 
engine  enters  its  first  operating  stage  in  normal  fashion.  In  the 
A-4  engine,  the  preliminary  stressed  stage  develops  8  tons. 

Step-by-step  engine  starting  refers  to  the  preliminary  ignition 
of  a  small  quantity  of  fuel,  with  subsequent  transition  to  total  flow 
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rate. 

The  magnitude  of  the  starting  fuel  flow  rate.  In  each  specific 
case,  Is  determined  by  the  period  of  Ignition  lag  for  the  fuel  com¬ 
ponents  and  the  nature  of  the  Increase  In  gas  pressure  In  the  com¬ 
bustion  chamber.  A  sufficiently  stable  engine  operation  (without  sub¬ 
stantial  vibrations  and  shocks)  Is  possible.  In  practice.  If  the 
Initial  flow  rate  for  the  combustible  (fuel)  mixture  makes  up  no  less 
than  20  to  SOjt  of  the  total  combustible  flow  rate  to  the  combustion 
chamber.  In  certain  cases,  this  flow  rate  can  be  less  than  Indicated, 
and  this  Is  determined  by  the  type  of  starting  system  employed. 

A  smooth  Increase  In  combustion- chamber  pressure  during  engine 
start  can  also  be  achieved  by  gradually  changing  the  fuel  composi¬ 
tion,  as  Is  the  case  with  the  "charge”  starting  method. 

2.  In  engine  starts,  the  sequence  In  which  the  fuel  components 
enter  the  combustion  chamber  must  be  strictly  observed.  It  Is  desirable 
that  the  fuel  components  enter  the  combustion  chamber  simultaneously, 
but  since  this  Is,  In  practice,  almost  Impossible  to  achieve  because 
of  the  Imperfect  synchronization  of  the  automatic  starter  equipment 
of  the  engine.  It  Is  generally  permitted  that  one  of  the  fuel  com¬ 
ponents  enter  the  combustion  chamber  ahead  of  the  other  by  a  fraction 

j 

of  a  second. 

The  sequence  In  which  the  fuel  components  enter  the  combustion 
chamber  may  vary  for  various  engines  and  depends  on  the  Ignition 
system  employed  during  starting,  the  method  of  mixture  formation, 
and  the  type  of  fuel  components  used. 

The  sequence  (in  which  the  fuel  components  enter  the  combustion 
chamber)  required  for  normal  engine  start  may  be  achieved  through  the 
use  of  burst  diaphragms  which  are  sometimes  Installed  In  the  tubing 
Joints,  separating  the  feed  unit  from  the  chamber,  or  through  the 


appropriate  regulation  of  cut-off  valves  which  can  be  used  Instead 
of  the  burst  diaphragms. 


3.  The  starter  fuel  cong>onents  must  be  replaced  by  working  fuel 
components  In  the  case  of  a  high  thermal  potential  In  the  combustion 
chamber,  and  at  a  specific  gas  pressure  and  temperature  within  the 
chamber,  l.e.,  If  there  Is,  In  the  combustion  chamber,  a  powerful 
burning  starter  flame  adequate  to  ignite  the  increasing  flow  of  the 
combustible  mixture.  This  thermal  potential  for  the  combustion 
chamber  Is  determined  by  the  flow  rate  for  the  starter  and  working 

fuel  con?)onents  and  their  preparation  for  combustion. 

) 

In  addition,  the  replacement  of  the  starter  fuel  components  with 
the  basic  components  must  be  continuous  and  smooth,  since  even  a 
alight  discontinuity  In  the  feed  (with  a  great  Ignition  lag)  can 
lead  to  the  disruption  of  the  combustion  process  and  the  subsequent 
explosion  of  the  accumulated  combustible  mixture. 

In  nltrlc-acld  Zl^,  the  Ignition  of  the  basic  fuel  components 


during  starting  Is  possible  through  the  use  of  only  a  single  com¬ 
bustible  which  Is  hypergollc  together  with  the  oxidizer  (a  mixture 
of  trlethylamlne  and  xylldine,  Tonka-250,  etc.).*  This  starter  com¬ 
bustible  Is  generally  placed  In  the  main  combustible- supply  tube.  In 
a  separate  tank  (In  the  form  of  tubing)  of  relatively  large  diameter* 
The  Input  and  output  channels  to  this  temk  are  closed  by  burst  dia¬ 
phragms  In  order  to  avoid  having  the  starter  combustible  pour  through 
the  supply  tube. 

Subsequently,  when  the  shut-off  valve  Is  ppened  to  permit  the 
conpressed  air  to  flow  out  of  the  flask,  through  the  reducer.  Into 
the  tanks  containing  the  combustible  and  the  oxidizer,  the  latter, 
under  pressure  In  the  supply  tubes,  burst  the  diaphragms  and  enter 
•voproey  raketnoy  tekhnlki.  Issue  1,  IL,  1957. 
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the  combustion  chamber.  In  this  case,  the  starter  combustible  enters 
the  combustion  chamber  of  the  engine  first,  under  the  pressure  of 
the  basic  combustible,  l.e.,  kerosene.  As  a  result,  there  Is  an  al¬ 
most  instantaneous  Ignition,  in  the  chamber,  of  the  combustible  and 
the  oxidizer,  and  subsequently  the  basic  combustible  is  Ignited;  as 
It  enters  the  combustion  chamber  after  the  starter  combustible. 

The  engine  starting  system,  on  the  whole,  (the  ignition  system 
and  the  fuel- feed  system)  must  operate  without  fail;  however,  in  case 
of  engine  failure  provision  must  be  made  for  an  automatic  control  and 
blocking  system  which  prevents  the  restarting  of  the  engine  until 
the  defect  causing  the  failure  has  been  eliminated. 

It  Is  necessary  that  the  fuel  residues  be  removed  from  the  com¬ 
bustion  chamber  before  each  start  and  prior  to  the  subsequent  start 
or  attempt  to  start.  Even  In  the  case  of  a  vertical  combustion  cham¬ 
ber,  the  inner  cavities  of  the  chamber  must  be  flushed. 

In  the  case  of  engines  that  are  used  repeatedly,  the  service  life 
of  their  starting  and  control  systems  must  be  raised  to  correspond 
to  the  required  service  life  of  the  engines. 

By  starting  ZhRD  developing  great  thrust  only  on  the  ground,  we 
can  simplify  the  design  of  the  engine  and  reduce  its  weight,  since 
the  Ignition  units  and  the  machinery  required  to  set  the  turbine  Into 
motion  for  purposes  of  starting  the  engine  (starters)  can  structurally 
be  separated  from  the  engine  and  be  Included  In  the  complex  of  the 
ground  equipment  of  the  starting  platform. 

Starters  are  necessary  when  turbines  au?e  fed  by  pvimps  that  have 
to  be  driven  by  the  turbine  itself.  In  this  case,  the  starting  pro¬ 
cedure  and  the  control  system  are  considerably  more  complex.  However, 
an  Independent  conqpressed-alr  starting  and  control  system  for  an  en¬ 
gine  cannot  be  used  for  powerful  engines  that  expend  tremendous 
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quantities  of  fuel,  In  view  of  the  problems  of  weight  and  size.  There¬ 
fore,  for  engines  developing  thrust  In  excess  of  50  tons,  evidently, 
a  more  perfect  self- servicing  turbine  must  be  adopted,  a  turbine  which 
does  not  require  siny  air. 

Since  the  given  thrust  for  a  Zh^  may  change  In  stages,  a 
specific  requirement  Imposed  on  the  engine- control  system  In  this 
case  Involves  the  fact  that  It  must  provide  for  a  definite  procedure 
for  ahange  In  thrust  and  engine  shut-off,  when  this  Is  called  for 
In  accordance  with  the  conditions  of  the  missile  flight. 

4.  Starting  and  stopping  processes  In  the  engine  must  be  com¬ 
pletely  automated,  and  only  highly  skilled  personnel  may  be  employed 
for  this  purpose. 

Depending  on  the  operating  conditions  and  the  design  of  the  ZhRD, 
the  engine  Is  stopped  either  after  the  opening  of  the  fuel- component- 
feed  cut-off  valves,  or  after  the  complete  exhaustion  of  the  fuel 
supply  In  the  tanks.  In  certain  cases,  the  engine  Is  stopped  In 
stages,  l.e.,  the  engine  Is  first  reduced  to  lower  thrust  and  only 
afterwards  con^letely  shut  off. 

As  the  engine  Is  stopped.  Just  as  In  the  case  of  starting  the  en¬ 
gine,  an  accumulation  of  fuel  components  within  the  combustion  chamber 
Is  Intolerable.  An  accumulation  of  fuel  conqponents  In  the  combustion 
chfiutiber,  after  the  stopping  of  the  engine.  Is  possible  as  a  result 
of  the  gradual  draining  of  the  fuel  conponents  (In  the  form  of 
residue)  from  the  various  supply-tube  cavities  and  cut-off  valves, 
as  well  as  because  of  Imperfect  closing  of  the  latter.  The  fuel  that 
accumulates  In  the  hot  combustion  chamber  can  suddenly  Ignite  and 
produce  a  strong  shock,  frequently  resulting  In  the  explosion  of  the 
engine.  In  order  to  diminish  the  accumulation  of  fuel  components.  It 
Is  necessary  to  set  the  cut-off  valves  as  close  as  possible  to  the 
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spray  nozzles.  In  addition,  the  design  of  these  valves  must  guarantee 
complete  con?>onent-feed  cut-off. 

For  reliable  stopping  of  the  engine,  l.e.,  in  order  to  avoid  the 
accumulation  of  fuel  coinponents  in  the  hot  combustion  chamber  and  In 
order  to  prevent  the  e^qjloslon  of  the  fuel  con5)onents  after  the 
stopping  of  the  engine,  the  chamber  Is  flushed  with  air  or  nitrogen. 

On  test  stands,  after  the  chamber  Is  shut  down,  the  air  from  the 
auxiliary  supply  tubes  available  at  the  stand  Is  generally  used  for 
flushing  purposes.  The  engine  can  also  be  flushed  by  one  of  the  fuel 
components  or,  In  the  case  of  a  pressure-fed  fuel-feed  system,  by 
the  gas  used  to  force  the  fuel  components  from  the  tanks  to  t+ie  com¬ 
bustion  chamber. 

The  air  pressure  for  flushing  must  exceed  the  working  pressure 
of  the  fuel  components  in  the  ’’plumbing"  by  0.5  to  1.0  atmospheres. 

A  high-quality  combustible  (fuel)  mixture,  improved  engine  de¬ 
sign,  smd  technically, /accurate  engine  operation  eliminates  the  possi¬ 
bility  of  explosions  In  ZhRD  and  makes  It  possible  to  use  these  en¬ 
gines  with  a  high  degree  of  reliability. 

Instances  of  engine  explosion  because  of  inadequate  engine 
strength  or  unsatisfactory  cooling  are  a  generally  Infrequent  occur¬ 
rence  and  can  be  explained  either  by  poor  weld  seams  between  the  com¬ 
bustion-chamber  liners  and  the  nozzle,  or  because  of  deviations 
from  the  technical  conditions  called  for  in  their  fabrication. 

A  drainage  facility  must  be  provided  for  in  the  tubing,  both 
in  order  to  remove  the  fuel  coiiQ>onents,  as  well  as  to  eliminate  air 
bubbles  (plugs).  The  tubing  must  be  strong  and  elastic,  and  there 
nAy  be  no  sections  in  which  a  sharp  cheuige  in  the  direction  of 
liquid  motion  is  called  for,  since  such  a  change  can  lead  to  hydrau* 
lie  shocks  and  the  bursting  of  the  tubing  system. 
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SECTION  3.  "  CHARGE"  STARTING,  WITH  HYPERGOLIC  FUEL  COMPONENTS* 

In  order  to  carry  nitric-acid  antiaircraft  missiles  into 

their  operating  regime,  a  so-called  "charge"  engine  start  method  is 
sometimes  employed  (similar  to  the  German  missile  "Talfun") . 

With  such  a  method  of  starting  the  engine,  pressure  is  initially 
generated  in  the  fuel  tanks,  said  pressure  equal  or  close  to  the 
working  feed  pressure.  Subsequently,  the  diaphragms  or  cut-off  valves 
which  block  the  entry  of  the  fuel  components  Into  the  combustion 
ch€unber  prior  to  engine  start  are  burst  or  open  quickly,  respectively. 

Under  pressure,  the  fuel  components  move  from  the  tanks  to  the 
enpty  tubing  sections  and  Into  the  cavities  of  the  engine- chamber 
head.  One  of  the  components  also  passes  through  the  coolant  passage 
of  the  chamber.  In  this  case,  the  liquid  moves  through  the  "plumb¬ 
ing"  of  the  system  at  fluctuating  velocities,  because  of  local  re¬ 
sistances  and  collisions,  along  the  way,  with  the  air  and  gas  formed 
during  the  combustion  of  the  "pyrocartrldges, "  used  to  burst  the 
diaphragms.  The  mean  flow  rates  for  the  liquid  vary  with  respept  to 
time  as  a  function  of  the  "plumbing"  design  In  the  engine  and  the 
points  at  which  local  resistance  arises  within  the  "plumbing."  The 
greatest  hydraulic  resistance  Is  generated  by  the  combustion-chamber 
spray  nozzles . 

The  fuel  components  do  not  enter  the  combustion  chamber  from 

all  of  the  spray  nozzles  simultaneously;  one  of  the  components  gen- 

\ 

erally  Is  first  to  enter  the  head.  In  this  case,  the  fuel-coiqposl- 
tlon  factor  changes  as  a  function  of  the  lead  of  oxidizer  or  com¬ 
bustible  feed,  and  the  factor  varies  from  Infinity  to  the  given  value. 

The  lack  of  excess  pressure  within  the  combustion  chainber  at 
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the  time  the  engine  is  started  and  the  resulting  substantial  hydrau¬ 
lic  shock  in  front  of  the  spray  nozzles  leads  to  the  entry  of  an 
excessively  large  quantity  of  fuel,  through  the  spray  nozzles  into 
the  combustion  chamber,  at  the  beginning  of  the  starting  process. 
During  the  ignition  lag  (of  the  components  in  the  combustion  chamber) 
a  large  quemtlty  of  combustible  (fuel)  mixture  is  accumulated  (at 
Pk  =  30  atm  abs;  the  rate  of  fuel  flow  into  the  engine  chamber  may 
reach  approximately  250^  of  the  nominal  value,  in  which  eaae  the 
pressure  difference  across  the  spray  nozzles  is  equal  to^J  atm  abs). 

The  interaction  between  two  hypergollc  fuel  components  can, 
during  the  period  of  engine  start,  conditionally  be  divided  into 
three  stages. 

The  first  stage  takes  place  in  the  liquid  phase  and,  primarily, 
at  the  separation  boundary  between  the  liquids  (the  contact  surface), 
as  a  result  of  which  intermediate  products  are  liberated  in  the  form 
of  an  opaque  cloud  containing  both  vapor-like,  liquid-drop,  and  solid 
materials,  l.e.,  "vapor  gas."  The  second  stage  of  the  process  takes 
place  within  the  vapor  gas,  and  terminates  with  the  appearance  of 
one  or  several  ignition  foci. 

The  third  stage  of  the  process  is  characterlzed>  by  the  propaga¬ 
tion  of  the  flame  throughout  the  entire  vapor  gas,  with  the  forma¬ 
tion  of  the  final  products  of  reaction.  It  is  in  this  stage  that 
there  is  a  sharp  rise  in  pressure  within  the  ccanbustlon  chamber,  and 
the  rate  of  gas  flow  through  the  chamber  nozzle  increase!;  the  rate 
of  fuel  flow  through  the  spray  nozzles  diminishes. 

Under  certain  conditions,  the  starting  pressure  of  the  forming 
gases  within  the  combustion  chamber  can  exceed  the  nominal  pressure 
by  a  factor  of  more  than  2,  corresponding  to  a  steady-state  nominal 
operating  regime  for  the  engine.  After  a  short  time,  the  pressure  in 
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In  the  combustion  chamber  should  drop,  and  then  there  Is  a  new  In¬ 
crease  In  the  rate  of  flow  through  the  spray  nozzles,  etc. 

If  the  operation  of  the  engine  Is  stable,  one  to  four  periods 
of  pronounced  fluctuations  (which  then  are  rapidly  attenuated) 
appear  after  the  first  "peak”  of  pressure  In  the  combustion  chamber. 

The  processes  encountered  1ft  "charge"  engine  starts  are  ex¬ 
tremely  complex  and  therefore  cannot  yet  be  calculated. 

Extremely  Important  In  the  start  of  ZhRD  Is  the  rapidity  with 
which  the  vapor-gas  and  droplet  mixture  burns  up  after  the  expira¬ 
tion  of  the  Ignition  lag.  It  may  be  assumed  that  not  all  of  the  vapor- 
gas  participates  In  this  combustion,  that  the  liquid  particles  (drop¬ 
lets)  have  not  yet  been  heated,  and  that  they  vaporize  slowly.  In 
the  middle  of  the  process,  combustion  proceeds  most  Intensively, 
since  It  Involves  the  vaporization  of  the  basic  mass  of  the  gas  and 
droplets.  Finally,  the  concluding  stage  of  the  ignition  must  be  char¬ 
acterized  by  coiig)aratlvely  weak  final  (complete)^  combustion. 


Fig.  12.1.  Change  in  pressure  on  starting  ZhRD« 

1)  Pressure  In  front  of  coiid>ustlble  spray  noSfles ; 

2)  pressure  In  front  of  oxidizer  spray  nozzles; 

3)  pressure  In  chandler. 


Consequently,  the  "charge"  starting  of  a  ZhRD  operating  on  hyper- 
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golic  fuel  components  is  generally  accompanied  (Pig.  12.1)  by; 

1)  considerable  hydraulic  shocks  in  front  of  the  spray  nozzles, 
with  damped  pressure  fluctuations,  as  a  result  of  which  excessively 
large  quantities  of  fuel  enter  the  combustion  chamber  (at  this  in¬ 
stant,  the  pressure  in  the  combustion  chamber  does  not  exceed  1  atm 
abs) ; 

2)  a  shapp  rise  in  pressure  in  the  combustion  chamber,  due  to 
sudden  ignition  and  combustion  of  hypergollc  combustible  (fuel)  mix¬ 
ture  accumulated  within  the  chamber  during  the  ignition  lag,  as  a 
result  of  which  there  is  a  tenqpoitpy  delay  in  the  normal  entry  of  a 
new  supply  of  fuel  to  the  combustion  chamber,  and  sometimes  the  en¬ 
gine  may  be  destroyed. 

The  main  task  in  planning  a  fuel-feed  system  for  a  ZhRD  is  the 
effort  to: 

1)  reduce  the  duration  of  engine  start  to  its  minimum; 

2)  avoid  excessive  starting  overload  of  combustion  chamber  due 
to  the  pressure  of  the  gases  forming  within  the  chamber  at  the  in¬ 
stant  of  engine  start . 

The  duration  of  the  start  depends  primarily  on  the  time  re¬ 
quired  to  actuate  the  automatic  equipment  and  the  rapidity  with  which 
the  necessary  pressure  for  the  feed  of  the  conqponents  to  the  com¬ 
bustion  chamber  can  be  generated.  The  time  from  the  Instant  at  which 
the  conqponents  leave  the  spray  nozzles  to  the  time  at  which  total 
pressure  in  the  combustion  chamber  of  the  engine  is  attained  is,  for 
all  Intents  and  purposes,  equal  to  0.03  to  0.1  seconds,  and  this 
makes  up  only  part  of  the  total  time  (1-2  sec),  generally  set  aside 
for  the  starting  of  the  engine,  in  the  case  of  the  "charge"  method. 

Starting  c(xnbust ion- chamber  overload  is  the  ratio  of  maximum ' 
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*  In  the  combustion  chamber  at  the  Instant  of  engine 


PiPessure 

start  to  the  pressure  Pj^  In  the  combustion  chamber  during  normal  en¬ 
gine  operation,  l.e.. 


In  the  case  of  "charge”  engine  start.  It  Is  possible  to  avoid 
substantial  combustion- chamber  overload  only  with  certain  starter 
fuels.  The  most  useful  fuel  for  this  purpose  Is  xylldlne  or  the  com¬ 
bustible  Tonka-230  and  a  melange  (a  mixture  of  nitric  and  sulfuric 
acids)  as  the  oxidizer  (this  oxidizer  Is  a  40  or  30-^  solution  of 
fuming  sulfvirlc  acid,  HgSOi^,  In  nitric  acid) .  These  fuels  are  not 
very  efficient  for  the  basic  operating  regime  of  the  engine  because 
of  their  low  heating  value. 

At  the  present  time,  there  are  other  hypergollc  fuel  components 
which  provide  for  relatively  high  specific  thinists;  however,  using 
these  fuels  to  start  engines,  with  the  "charge"  system,  yields  high 
conibustlon- chamber  overload. 

Basically,  the  following  factors  affect  the  starting  ZhRD  com¬ 
bustion-  chamber  overloads . 

1.  Ignition  lag  for  the  fuel  mixture,  and  this  lag  repre¬ 

sents  an  Interval  of  time  from  the  Instant  at  which  the  combustible 
comes  Into  contact  with  the  oxidizer  In  the  combustion  chamber  to 
the  Instemt  at  which  excess  pressure  appears  within  the  chamber. 

The  magnitude  of  this  lag  determines  the  possibility  of  and 
technical  conditions  for  starting  ZhRD  with  the  given  fuel,  and  also 
to  a  considerable  degree,  it  prescribes  the  continued  combustion 
process  for  the  fuel  mixture  In  the  combustion  chandser.  The  lower 
T  for  the  fuel  components,  the  less  fuel  will  accumulate  In  the 

3 _ 

**’^nycK  “  *^pusk  “  ^puskovaya  “  ^start  *  ^ 

“  ^zad  “  ^zaderzhka  “  ^lag*^ 
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combustion  chamber  at  the  instant  of  start,  and  the  lower  the  chamber 
overload . 

2.  The  weight  accumulation  of  fuel  In  the  combustion  chamber 
during  the  start  of  the  engine 

kg/sec  t 

Where  Is  the  actual  quantity  of  fuel  delivered  to  the  combus¬ 
tion  chamber  at  the  Instant  of  start.  In  kg;  Is  the  quantity 

of  fuel  which  would  normally  be  fed  to  the  combustion  chaniber  in  the 
absence  of  hydraulic  shocks  In  front  of  the  spray  nozzle; 

^  “  ^pusk^^norm  coefficient  characterizing  the  hydratallc  shock 

In  the  cavity  in  front  of  the  spray  nozzles,  as  well  as  the  char¬ 
acter  of  the  opening  of  the  cut-off  valves  or  diaphragms,  given  the 
condition  that  the  combustible  and  the  oxidizer  enter  the  combua- 
tlon  chamber  simultaneously,  in  which  case  the  magnitude  of  the  flow 
rate  of  these  two  components  would  be  determined  by  the  feed  pres¬ 
sure  li  the  fuel  tanks. 

The  magnitude  of  the  first  liquid-pressure  maximum  In  front  of 
the  spray  nozzles,  as  a  result  of  the  hydraulic  shock,  has  a  sub¬ 
stantial  effect  on  the  coefficient  f.  The  softening  of  the  hydraulic 
shock,  by  any  method  whatsoever,  can  reduce  the  combust Ion- chamber 
overload  at  the  start.  The  conversion  of  a  substantial  quantity  of 
liquid,  on  Its  way  from  the  tanks  to  the  spray  nozzles,  on  coming 
Into  contact  with  the  air  and  gas  of  the  burning  pyrocartrldges  used 
for  the  burst  diaphragms,  serves  somewhat  to  reduce  the  hydraulic 
shock  at  the  chamber  head. 

3.  Quality  of  fuel- component  atomlxatlon,  since  vigorous  mixing 
Increases  the  combustion  time  t__  for  the  condsustlble  mixture  formed 

Bg 

at  the  start,  thus  reducing  the  overload  on  the  combustion  chamber 
*l^HopM  "  ®norm  “  ^normal’no  “  ®normal*^ 
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of  the  engine. 

However,  this  method  of  reducing  Is,  In  practice,  unusable 
since  mixture  formation  In  ZhRD  Is,  first  of  all,  based  on  the  prin¬ 
ciple  of  attaining  high  economy  and  operating  stability  for  the  ent 
glne,  for  which  purpose  good  fuel  atomization  and  component  mljjlng 
Is  necessary.  Therefore,  there  Is  little  likelihood  that  any  recoro- 
mendatldna  to  reduce  by  ln5>alrlng  the  process  of  mixture  forma¬ 

tion  can  be  applied  In  practice  If  they  contradict  the  requirements 
of  economy  and  stability  for  the  operating  processes  taking  place 
within  the  combustion  cheunber  of  the  engine . 

4.  The  heating  value  of  the  fuel,  characterized  by  the  proper¬ 
ties  of  Its  components,  and  the  composition  factor  X. 

It  Is  well  known  that  the  heat  balance  has  a  substantial  effect 
on  the  rate  at  which  the  combustible  (fuel)  mixture  burns  In  tlie  com¬ 
bustion  chamber  at  the  Instant  that  the  engine  Is  started.  The  heat 
balance  of  the  fuel  mixture  Is,  to  a  great  extent,  determined  by  the 
heating  value  of  the  fuel,  the  concentration  of  the  products  of  re¬ 
action,  and  the  heat  losses  within  the  combustion  chamber  at  the  In- 
stemt  that  the  engine  Is  started.  The  lower  the  heating  value  of  the 
starter  fuel  mixture,  the  lower  the  pressure  In  the  combustion  chamber 
at  the  Instant  of  start . 

5.  External  engine- operating  conditions,  l.e.,  the  pressure  euid 
temperature  of  the  surrounding  medium,  since  It  Is  on  these  that  the 
Ignition  lag  for  the  fuel  mlxtvire  depends  In  part  on  starting,  and 
consequently.  It  Is  also  on  these  that  the  starting  combust Ion- chamber 
overload  depends.  A  reduction  In  the  temperature  of  the  atmospli^erlc 
air  reduces  the  chemical  activity  of  the  fuel  mixture  and  Increases 
the  delay  lag.  A  reduction  In  atmospheric  pressure  Intensifies  the 
hydraulic  shock  In  front  of  the  spray  nozzles  as  a  result  of  the  drop 
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in  the  coiinterpressure  to  the  liquid  flow,  moving  from  the  tanks  to 
the  combustion  chamber.  This  will  lead  to  an  Increase  in  and 

nper*  The  total  effect  of  a  drop  in  atmospheric  pressure  and  tempera¬ 
ture  (altitude  conditions)  Ingjair  the  starting  conditions  for  a  Z^D. 

6.  The  pressure  Pg  required  to  feed  the  fuel  components  into 
the  combustion  chamber,  the  magnitude  of  the  free  apace  in  fro^^t  of 
the  combustion- chamber  head,  its  reference  length  Ip^,  and  similar 
factors . 

An  investigation  into  the  factors  effecting  the  nature  of  the 
pressure  increase  within  the  combustion  chamber  is  of  great  practical 
significance. 

The  law  governing  the  burning  up  of  the  combustible  mlxtujye  on 
engine  start  can,  theoretically,  be  taken  as  close  to  sinusoidal,  in 
which  case  the  combustion  ceases  (is  equal  to  zero),  at  the  instant 
the  combustion  lag  is  completed,  and  is  equal  to  unity  at  the  end 
of  the  reaction  process. 

The  feasibility  of  purely  structural  measures  designed  to  re¬ 
duce  ^  and,  consequently,  npgj,»  are  now  fully  apparent.  For  exanqple, 
a  reduction  in  the  coefficient  if  can  be  achieved  through  the  single 
structural  division  of  the  engine- chamber  head  into  several  sections, 
GU'ranging  the  design  so  that  these  sections  would  be  begin  to  func¬ 
tion  in  stages .  Other  methods  may  be  used  to  delay  the  liquid  for 
a  short  time  (for  the  period  required  for  engine  start).  For  example, 
in  one  of  the  nitric-acid  engines  used  in  antiaircraft  missiles*  the 
fuel- component  feed  to  the  combustion  chamber  at  the  Instant  of  en¬ 
gine  start  is  controlled  by  special  hydromechanical  starter  valves. 

In  each  of  these  valves,  the  shift  of  a  small  piston  is  calculated 
to  open,  within  one  second,  a  flowthrough  section  for  the  fuel  com- 
^flcspres  s  -  inf  ozmiat  s  iya ,  AN  SSSR,  Issue  44  RT-132,  1957« 
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ponent  being  fed  into  the  combustion  chairiber,  to  permit  a  flow  rang¬ 
ing  from  zero  to  total  consumption. 

Given  such  a  system  of  gradual  fuel- component  feed  into  the  com¬ 
bustion  chamber,  the  engine  easily  and  quickly  enters  its  regime,  and 
maximum  thrust  is  developed  within  0.6  seconds  after  the  engine  has 
been  started. 

Thus,  the  starting  reliability  of  a  ZhRD  is  determined  by  the 
systems.  The  reliability  of  operating  and  starting  a  ZhRD  is  deter¬ 
mined  by  a  series  of  other  factors.  The  reliability  of  stopping  the 
engine  on  the  test  stand  can  be  thoroughly  checked  only  if  the  same 
method  of  engine  shut-off  is  used  as  would  be  the  case  with  a  real 
missile  engine. 

The  basic  factors  affecting  the  stability  of  the  steady- state 
process  in  the  ZhRD  are  the  process  of  converting  the  fuel  into  gas¬ 
eous  products  and  the  characteristics  of  the  hydraulic  system  in 
the  engine  and  the  combustion  chamber. 

SECTION  4.  ENGINE  SERVICE  LIFE 

Zt^  service  life  is  meemt  to  refer  to  the  period  of  reliable 
engine  operation  in  the  nominal  regime,  as  guaranteed  by  the  plant- 
supplier. 

The  service  life  of  the  engine  is  affected  by  a  series  of 
various  factors,  of  which  the  most  important  are  the  following; 

1.  The  type  of  fuel  used;  the  physicochemical  properties  of 
the  fuel  and  the  high  combustion  ten5)erature,  more  or  less,  tend  to 
corrode  the  structural  materials  used  In  the  engine,  thus  deter¬ 
mining  the  service  life  of  the  materials  in  question  (in  conjunc¬ 
tion  with  the  other  factors) .  Such  oxidizers  as  nitric  acid,  fluo¬ 
rine,  and  its  derivatives,  are  particularly  aggressive  for  the 
majority  of  structural  materials.  Fluorine  and  its  derivatives,  in 


-881- 


addition,  b\irn  at  comparatively  high  temperatures. 

2.  The  atomization  method  for  the  fuel  components;  the  quality 
of  the  mixture  formation  in  the  combustion  chamber  affects  the 
nature  of  heat  transfer,  the  thermal  and  vibrational  loads  on  the 
engine,  and  consequently,  the  service  life  of  the  engine. 

3.  Pressure  in  the  combustion  chamber;  with  an  increase  in  pres¬ 
sure,  the  temperature  of  the  products  of  combustion  for  the  given 
fuel  Increases,  and  this  promotes  the  chemical  and  mechanical  ten¬ 
dency  of  these  products  to  corrode  the  structural  materials  used  in 
the  engine  (the  flushing  of  the  material  in  the  inner  chamber  liner, 
by  means  of  the  gas  stream,  is  accelerated) . 

4.  Engine  operating  regime;  with  a  drop  in  the  rate  of  fuel 
flow  to  the  combustion  chamber  in  order  to  control  thrust,  there  is 
an  In^airment  in  the  conditions  under  which  the  combustion  chasdaer 
and  nozzle  are  cooled,  and  this,  under  certraln  conditions,  ntqr  result 
in  pulsations  in  fuel  combustion,  overheating,  and  the  burning  out 

of  the  flame  tube.  Therefore,  in  practice  the  changing  of  the  operat¬ 
ing  regime  for  the  engine  should  be  carried  out  within  strictly  de¬ 
fined  limits,  established  by  the  plant- supplier . 

3.  Engine- chamber  design;  in  good  designs,  static,  thermal,  and 
vibrational  loads  can  be  reduced  to  the  minimum,  and  this  would  in¬ 
crease  the  service  life  of  the  engine. 

6.  Quality  of  engine  fabrication;  in  the  case  of  production  de¬ 
fects  (low-quality  fabrication  or  installation  of  individual  exigine 
elements),  excessive  overheating  of  the  inner  chamber  liner  is  possi¬ 
ble,  as  is  the  operational  failure  of  the  automatic  systems,  and  in 
addition  there  may  be  other  consequences  which  can  reduce  the  estab¬ 
lished  service  life  of  the  engine,  and  even  result  in  the  ejqplosion 


The  practicality  of  producing  an  engine  with  increased  specific 
thrust  and  a  substantial  service  life  depends,  in  great  measure,  on 
how  efficient  a  cheunber- cooling  system  can  be  enqployed. 

The  service  life  of  cooled  ZhRD  is  not  great  and  is  generally 
measured  in  terms  of  minutes,  tens  of  minutes,  and,  at  the  very 
most,  in  hours. 

Under  the  conditions  prevailing  with  one-shot  missiles,  the 
service-life  requirements  for  the  engine  are  extremely  limited.  In 
this  case,  the  service  life  of  the  engine  must  be  equal  to  the 
operating  time  required  for  the  engine  during  the  powered  phase  of 
the  missile  flight.  Although  this  greatly  eases  attaining  the  re¬ 
quired  service  life,  it  should  not  be  forgotten  that  the  heat  capa¬ 
city  of  the  hot  sections  of  the  engine  *md  the  intensity  of  the  heat 
flows  within  the  engine  are  such  that  the  thermal  regime  is  estab¬ 
lished  within  the  engine  within  about  10  to  15  seconds  after  start, 
and  In  engines  with  a  thin  chamber  liner,  even  more  rapidly.  There¬ 
fore,  an  engine  with  Inadequate  cooling  intensity  will  bum  out 
eifter  15  to  20  seconds  after  start,  l.e.,  ahead  of  its  shortest  ser¬ 
vice  life. 

The  service- life  requirements  for  ZhRD  mounted  on  aircraft 
(winged  missiles)  and  Intended  for  repeated  steucts  are  increasing 
greatly.  The  service  life  of  such  engines  must  be  measured  in  terms 
of  hours. 

The  service  life  of  uncooled  engines,  in  great  measure,  de¬ 
pends  on  the  fuel  used  and  the  conditions  under  which  the  fuel  is 
burned;  the  service  life  may  reach  10  to  15  seconds,  at  combustion- 
chamber  temperatures  of  approximately  3000°K. 


Chapter  XIII 

STAGES  IN  TOE  PLANNING  AND  PINAL  TESTS  OP 

Planning  and  design  Is  an  extremely  Important  stage  In  the 
development  of  new  ZhM.  The  basic  problems  which  must  be  resolved 
In  this  case  are  the  overcoming  of  the  physical  obstacles  which 
retard  the  development  of  ZhgD  (the  operation  of  the  engine  at  high 
temperatures,  control  of  engine- operating  Instability,  protection 
of  the  chamber  flame  tube  against  overheating,  and  the  utilization 
of  new  fuels  and  atomic  energy) . 

This  chapter  presents  brief  descriptions  of  the  stages  Involved 
In  the  planning  of  a  Zhgg  In  Its  entirety,  and  the  basic  types  of 
tests  to  which  the  engine  Is  subjected  on  a  test  stand;  In  addition, 
there  are  sections  on  the  testing  centers  and  the  Instruments  and 
measuring  equipment  used  during  the  tests. 

SECTION  1.  STAGES  IN  THE  PLANNING  OP  A  Z^ 

The  pleuinlng  and  design  of  a  Zt^  Is  generally  based  on  specific 
technical  conditions  (TU*),  Which  determine  the  designation  and  pro¬ 
gram  of  engine  operation.  Its  nominal,  maximum,  and  minimum  thrust, 
the  type  of  fuel  to  be  used,  economy  requirements,  specific  weight, 
ability  to  withstand  extended  storage,  etc. 

The  selection  of  the  fuel  components,  basic  operating  param¬ 
eters,  the  type  and  basic  engine  diagram,  the  structural  materials, 

TO  =  Tekhnlchesklye  Uslovlya  =  Technical  Conditions.] 
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and  the  assembly  of  the  engine  elements  are  extremely  Important  in 
planning  a  ZhRD. 

The  type  and  design  of  the  engine.  Its  characteristics,  ahd  the 
type  of  fuel  used  In  the  engine  are,  basically,  determined  by  the 
design,  dimensions,  weight,  and  flight  characteristics  of  the  flying 
craft.  It  Is  therefore  extremely  Important  to  plan  an  engine  for  the 
craft  (of  given  designation),  which  will  be  reliable,  economical, 
and,  all  other  conditions  being  equal,  provide  the  best  character¬ 
istics  for  the  craft. 

To  plan  an  engine  of  a  given  designation  means: 

1)  to  make  advantageous  selection  for  purposes  of  developing 
and  laying  the  groundwork  for  the  construction  diagrams  of  the  en¬ 
gine,  as  well  as  to  make  expedient  selection  of  the  structural  mate¬ 
rials  required  for  the  engine; 

2)  to  set  the  optimum  operating  and  structural  parameters  for 
the  future  engine; 

3)  to  carry  out  properly  the  required  calculations  of  the  geo¬ 
metric  and  operational  characteristics; 

4)  to  make  the  structural  diagrams  for  individual  engine  ele¬ 
ments,  to  carry  out  the  strength  calculations  for  these  elements, 
to  handle  the  necessary  assembly,  and  to  resolve  a  series  of  other 
problems,  associated  with  engine  design. 

There  Is  no  uniform  method  of  selecting  the  type  of  eiigine. 

In  each  Individual  case,  this  or  that  factor  may  prove  to  be  the 
most  important,  determining  the  advantages  of  a  given  engine  version. 
It  Is  the  task  of  the  designer  to  make  proper  evaluations  of  all 
these  factors,  to  anallze  the  effect  of  these  factors  on  a  given  en¬ 
gine  version,  and  to  select,  on  the  basis  of  this  analysis,  that 
diagram  which  would  offer  the  greatest  advantages  with  respect  to 
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the  basic  data,  over  the  other  versions . 

The  rational  selection  of  a  design  for  the  engine  and  its  auto¬ 
matic  equipment  must  be  based  on  existing  theoretical  and  experi¬ 
mental  materials  and  statistical  data,  in  which  are  taken  Into  con¬ 
sideration  the  engine-design  diagrams  and  elements,  and  with  which 
operational  parameters  great  specific  thrust,  operational  reliability, 
and  the  best  weight  and  flight  characteristics  for  the  craft  can  be 
achieved.  In  each  specific  case,  for  flying  craft  of  various  designa¬ 
tions,  It  Is  necessary  to  use  well  defined  and  the  most  rational 
engine  design  and  engine- Instrument  types,  since  with  a  change  In  the 
designation  of  the  craft,  the  requirements  Imposed  on  the  engine  also 
undergo  change. 

In  selection  of  engine  design,  the  adaptability  of  the  design 
to  production  must  serve  as  one  of  the  basic  criteria,  since  the 
best  design  would  be  the  one  which  can  be  mass  produced,  with  the 
lowest  production  costs. 

The  design  of  the  engine  must  provide  for  the  smallest  possible 
number  of  conqjonent  parts.  Where  this  Is  possible,  use  ahould  be 
made  of  con^onent  parts  that  have  been  completely  adjusted  and  checked 

V 

in  operation. 

The  duplication  of  systems  and  component  parts  In  order  to  In¬ 
crease  engine- operating  reliability  must  be  done  with  an  eye  to  the 
shortcomings  which  this  [duplication]  Introduces  (for  example.  In¬ 
creased  weight  and  dimensions) . 

The  choice  of  materials  depends  on  the  requirements  Imposed  on 
the  materials,  on  the  type  of  engine  design,  the  designation  of  the 
Individual  assemblies,  the  conqponent  parts  Included  In  these  assem^ 
biles,  and  the  operating  conditions.  The  cataloguing  of  materials 
should,  desirably,  be  reduced  to  the  minimum,  especially  insofar  as 


-886- 


this  pertains  to  the  component  parts  fabricated  of  raw  materials  that 
are  In  short  supply.  We  must  make  every  effort  to  use  the  least  ex¬ 
pensive  materials  which  are  readily  available  and  make  it  possible 
to  employ  the  least  expensive  mass-production  methods. 

The  weight  and  strength  of  the  design  elements  are  closely 
associated  with  one  another  and,  therefore,  in  a  comparison  of  mate¬ 
rial  characteristics,  both  of  these  factors  have  to  be  taken  into 
consideration  at  the  same  time.  In  order  to  facilitate  this  conif- 
parlson,  we  have  Introduced  the  concept  of  the  coefficient  of  spe¬ 
cific  material  strength,  by  which  we  mean  the  ratio  between  the 
strength  characteristic  of  the  material  and  the  specific  weight  of 
the  material.  This  coefficient  varies  as  a  function  of  the  nature 
of  component -part  load  and  deformation. 

In  the  production  of  ZhRD.  alloy  and  carbon  steels,  as  well  as 
light-weight  alloys  are  used. 

The  use  of  inappropriate  materials,  incomplete  utilization  of 
the  strength  properties  of  the  material,  and  inexpedient  designs  for 
individual  engine  elements,  might  lead  to  excessive  weight  for  the 
engine . 

Substantial  Improvements  in  ZhRD  cannot  be  achieved  through 

« 

the  introduction  of  various  production  measures  alone,  unless  the 
design  of  the  entire  engine  is  reworked.  By  reworking  of  engine 
design  we  mean  the  designing  of  an  engine  which  provides  for  the 
performance  of  all  assigned  functions  within  the  established  service 
life,  and  still  exhibits  minimum  dimensions,  engine  weight,  and 
material  esqpendltures . 

The  design  of  an  engine  and  its  adaptability  to  production  must 
be  confirmed  through  a  detailed  economic  analysis  of  the  technical 
and  economic  Indicators  (output,  cost,  utilization  of  capital,  and 
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other  factors). 

Since  materials,  equipment,  personnel,  and  time  are  necessary 
for  the  mass  production  of  engines,  in  the  planning  of  a  new  engine 
the  designer  must  always  take  into  consideration,  in  addition  to 
the  TU,  the  requirements  of  production  and  economics. 

The  basic  economic  and  production  requirements  Imposed  on  the 
engine  being  designed,  are  the  following: 

1)  utilization  of  domestic  raw  materials; 

2)  adequacy  of  supply  and  cost  of  materials  used; 

3)  simplicity  of  design  and  production  adaptability  for  com¬ 
ponent  parts; 

4)  standardization  of  design  elements  (component  parts,  units); 

5)  cost  (inexpensiveness)  of  production,  on  the  whole. 

The  cost  of  the  finished  product  is  generally  determined  by 
taking  into  consideration  such  costs  as  materials,  labor,  equipment, 
overhead,  and  other  expenses  associated  with  the  given  item  being 
produced.  Pricing  and  expenditure  norms  for  all  categories  are  es¬ 
tablished  in  accordance  with  the  corresponding  departmental  standards. 

We  can  recommend  the  following  approximate  sequence  for  planning 
and  developing  an  engine. 

1.  Sketch  of  engine:- 

a)  selection  of  simplest  version  of  principal  diagram  and  basic 
working  and  design  parameters  for  the  engine; 

b)  establishment,  to  the  extent  possible,  of  the  production  base 
required  for  the  engine  being  planned; 

c)  standardization  of  units  and  basic  component  parts  contained 
within  the  product  being  planned,  and  of  the  products  already  In  pro¬ 
duction; 

d)  laying  out  the  product  Into  Independent  assembly  units; 


-888- 


e)  providing  for  production  adaptability  In  key  component  parts; 

f)  selection  of  rational  (efficient)  blanks  for  key  component 
parts. 

The  sketch  of  the  ZhgD  is  the  first  stage  In  the  Job  of  design¬ 
ing  an  engine,  euid  it  Is  the  stage  In  which  the  principal  layout, 
and  the  basic  operating  and  design  parameters  appear.  This  stage  is 
concluded  with  the  preparation  of  calculation  curves,  and  the  draw¬ 
ings  of  the  over-all  view  of  the  engine.  In  several  projections,  and 
In  assembled  form. 

It  is  In  this  stage  of  the  planning  that  the  coordination  of 
all  design  elements  Is  carried  out.  If  the  engine  Is  to  be  used  to 
control  the  flight  of  the  missile  by  turning  the  chamber  relative 
to  Its  axis  in  order  to  change  the  thrust  vector,  provision  has  to 
be  made  for  appropriate  units  and  mechanisms,  and  all  of  the  factors 
determining  the  operation  of  the  engine  under  the  given  conditions 
have  to  be  taken  Into  consideration. 

2.  The  technical  stage  of  planning  an  engine  involves  the  deter¬ 
mination  of  the  designs  for  the  products  and  units  used  In  the  en¬ 
gine,  as  well  as  the  determination  of  the  structural  shape  of  all 
engine  elements. 

It  Is  at  this  stage  of  the  operation  that  the  basic  technologi¬ 
cal  problems  are  resolved,  l.e.,  blanks,  machining,  welding,  assembly: 

a)  selection  of  sliqplest  design  for  units  and  component  parts; 

b)  selection  of  assembly  bases  for  products; 

c)  calculation  of  the  most  Important  dimensioning  circuits; 

d)  meeting  the  requirements  for  assembly  equipment; 

e)  meeting  the  basic  production  requirements  from  the  stand¬ 
point  of  processing  and  the  standpoint  of  basic  blank  dimensions. 

3.  The  working  stage  of  engine  design  Is  the  process  In  which 
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the  problems  of  production  adaptability  for  the  design  of  each  com^ 
ponent  part  and  the  entire  product  as  a  whole  are  worked  out.  In 
this  case,  particular  attention  is  devoted  to: 

a)  the  selection  of  the  production  bases  for  the  component 
parts,  In  accordance  with  the  design  and  assembly  bases; 

b)  the  establishment  of  dimensions  and  designation  of  optimum 
tolereuices  and  limits  of  mechanical  characteristics  for  the  metals; 

c)  the  selection  of  the  most  inexpensive  and  most  readily  avail¬ 
able  materials,  as  well  as  the  preparation  of  a  catalogue  listing 

of  same; 

d)  the  adherence  to  the  requirements  Imposed  on  the  elements 
of  the  structural  blanks; 

e)  the  adherence  to  all  requirements  Imposed  on  the  production 
of  the  design  elements; 

f)  the  maximum  standardization  of  design  elements. 

The  drawings  made  In  the  drafting  of  a  ZhRD  can  generally  be 
divided  Into  the  following  two  groups: 

design  drawings,  for  over- all  views  of  the  engine  and  Its 
basic  elements;  these  drawings  give  a  general  presentation  of  the 
Installation,  the  operating  principles,  and  the  dimensions  of  the 
product  being  planned,  and  contain  the  Initial  data  required  for  the 
working  drawings; 

working  drawings  containing  all  development  data  for  the  produc¬ 
tion  processes  of  fabrication  and  product  control. 

The  finishing  precision  required  for  parts  Is  shown  In  the  draw¬ 
ings  In  accordance  with  OOST  2789-51.  Toleremces  are  Indicated  with 
all  working  drawing  dimensions  (diametrical,  linear,  and  angular, 
as  well  as  with  the  distances  between  axes  or  between  axes  and  planed) 
In  accordance  with  OOST  3^57-^6. 
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The  designer  Is  not  merely  responsible  for  high  operational  char¬ 
acteristics  for  the  future  engine,  but  also  for  the  development  of 
a  design  that  will  permit  the  use  of  the  most  economical  production 
processes . 

Ztgp  design  can  be  Improved  on  the  basis  of  data  gained  from  ex¬ 
perience  In  rocket- engine  operation,  production,  and  from  the  results 
of  special  tests. 

VThen  we  design  ZhRD,  we  must  consider  the  unequal  temperature 
expansion  In  separate  parts  of  the  engine  during  operation;  this  Is 
necessary  to  avoid  reducing  the  strength  safety  factor  of  the  mttal 
because  of  the  appearance  of  excessive  thermal  stresses. 

The  operating  conditions  for  the  separate  units  of  an  engine  do 
not  always  make  It  possible  for  us  to  design  an  engine  that  will  en¬ 
tirely  satisfy  all  the  requirements  Imposed.  We  therefore  must  often 
accept  compromises  In  the  process  of  designing  an  engine. 

In  the  process  of  planning  and  designing  an  engine.  It  Is  neces¬ 
sary  to  check  the  geometric  shapes  and  dimensions  of  the  separate 
elements  and  units  for  strength  by  using  "preliminary"  strength  cal¬ 
culations  based  on  the  theory  of  the  usual  patterns  of  resistance 
for  materials  euid  machine  parts. 

Contemporary  one-shot  and  multi-shot  ZhRD  consist  of  a  great 
many  parts  Including  complex  and  expensive  units  and  assemblies. 

These  parts,  units,  and  assemblies  pass  through  many  tests  and  con¬ 
trol  operations  (external  Inspection,  measurements,  etc.).  First  of 
all,  the  purpose  of  the  control  operation  Is  to  check  conformity  of 
dimensions  obtained,  and  tests  are  conducted  to  check  the  hemetlc 
sealing  of  units,  "plumbing,"  chamber  elements,  and  fuel  tanka. 

The  assembled  engine  and  Its  fuel-feed  system  undergo  pneumatic 
and  hydraulic  tests  and  are  subjected  to  functional  tests  as  a  unit; 
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In  these  testa  we  check  the  separate  units  for  correct  operation  and 
test  automation  devices,  valves,  propellant- component  feed  system, 
etc.,  to  ensure  thay  they  operate  without  fall. 

After  a  complete  and  thorough  check,  we  commence  the  static 
firing  tests  of  the  engine  and  check  the  most  Important  engine  param¬ 
eters  against  the  theoretical  data.  We  adjust  the  engine  to  a  reli¬ 
able  operating  condition  In  accordance  with  these  tests. 

When  we  design  and  produce  an  engine  we  must  pay  particular  at¬ 
tention  to  the  following  basic  requirements: 

1.  The  surfaces  oi  the  Inner  engine- chamber  liner  must  be  smooth, 
without  projections  or  depressions  In  Joints  or  machined  sections, 
etc..  In  order  to  avoid  hydraulic  losses  Inside  the  chamber  or  In 

the  coolant  passage,  as  well  as  to  avoid  possible  local  liner  over¬ 
heating,  excessive  thermal  stresses,  and  warping. 

2.  The  weld  seams  of  the  chamber  liner  must  be  hermetically 
sealed  and  sxifflclently  strong. 

3.  The  nozzle  throat  and.  the  Injector  orifices  must  have  smooth 
surfaces  and  strictly  defined  dimensions,  since  an  insignificant 
change  In  these  dimensions  causes  a  marked  change  In  engine  operating 
characteristics . 

4.  The  coolant-passage  slot  must  be  uniform  throughout  Its  cir¬ 
cumference,  since  an  Insignificant  change  In  Its  dimensions  can  lead 
to  the  disruption  of  normal  engine-chamber  cooling  conditions  and 

to  overheating  and  burning  out  of  the  Inner  chamber  liner. 

3.  The  axes  of  the  chamber  nozzle  and  of  the  Injector  orifices 
must  be  made  with  rigid  tolerances  In  order  to  avoid  noncoaxlal 
ttoust  direction  and  unsatisfactory  propellant- component  atomization. 

6.  The  automation  and  control  devices  for  engine  operation  must 
have  rigid  and  precise  toleremces,  since  any  Inaccuracy  In  the  fabrl- 
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cation  of  these  devices  can  lead  to  a  considerable  disruption  In  the 
operating  regime  of  the  engine  and  sometimes  even  to  breakdown. 

The  precision  of  engine  fabrication  should  be  established  by 
starting  from  strictly  valid  technical  requirements,  since  a  shift 
to  a  higher  class  of  precision  Increases  the  time  and  the  cost  of 
processing  to  a  marked  degree.  However,  an  Increase  In  fabrication 
precision  for  blanks  Is  advantageous  In  some  cases,  since  this  per¬ 
mits  savings  In  subsequent  production  operations . 

The  requirements  for  the  design  and  production  of  a  ZhRD  and 
Its  separate  automation  devices  are  quite  different  In  each  separate 
case  and  are  usually  dictated  by  special  conditions . 

The  basic  requirements  Imposed  on  the  assembly  of  the  elements 
for  a  ZhTO  of  any  designation  or  design  are  compactness,  convenience 
In  adapting  the  engine  to  the  weapon.  Insignificant  effect  on  weight 
and  flight  characteristics  of  the  weapon,  and  simplicity  and  cheap¬ 
ness  of  Installation  techniques. 

The  assembly  of  the  separate  subassemblies  for  an  engine  being 
planned  depends  on: 

1)  the  designation  of  the  weapon; 

2)  the  magnitude  of  engine  tnrust  and  the  engine  operating  time; 

3)  the  type  of  propellant  components  and  the  system  for  feeding 
the  components  to  the  combustion  chsunber; 

4)  considerations  of  design,  operation,  and  economy. 

These  factors  determine  the  design  features  of  the  engine,  the 
operating  regime,  the  operating  conditions,  and,  consequently,  the 
number  of  subasseinblles  required  for  the  engine,  as  well  as  their 
design  and  assembly. 

It  Is  Impossible  to  give  general  recommendations  with  respect 
to  the  assembly  of  the  separate  units  of  the  engine,  even  In  a  weapon 
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of  the  same  designation,  since  this  problem  can  be  solved  expediently 
only  upon  condition  of  the  simultaneous  assembly  of  the  given  weapon, 
which  is  characterized  by  a  variety  of  design  in  almost  every  separate 
case.  To  solve  this  problem,  we  must  try  to  design  a  weapon  that  is 
simple,  inexpensive,  and  reliable  in  operation  and  has  minimum 
weight  and  good  flight  characteristics. 

It  is  well:! known  that  ZhRD  development  is  moving  toward  an  in¬ 
crease  in  absolute  thrust,  in  operating  time,  and  in  specific  tnrust 
by  means  of  the  ln?)rovement  of  operating  cycles,  the  use  of  new  high- 
efficiency  chemical  fuels,  and  so  forth. 

Because  ZhTO  development  is  associated  with  the  development  of 
new  types  of  weapons,  in  most  cases  accurate  data  concerning  the 
newest  types  of  engines  for  long-range  and  super- long-range  missiles 
are  lacking  at  the  present  time.  The  literature  reports  that  the 
USAF  ^.3  working  on  the  development  of  a  single-chamber  ZhRD  with  a 
thrust  of  450  tons  and  on  a  multi- chamber  ZhRD  with  a  thrust  of 
700  tons;*  ammonia- fluorine,  hydrazine-fluorine,  hydrogen-fluorine, 
hydrogen-ozone,  and  others  are  under  study  by  the  USAF  as  possible 
engine  fuels;**  the  USAF  has  developed  stands  for  testing  engines 
with  thrusts  of  up  to  1,000  tons***  and  with  combustion- chamber  dia¬ 
meters  of  up  to  3.5  ni;  in  addition,  they  are  developing  plans  of 
missiles  with  engines  developing  extremely  great  thrusts.  In  particu¬ 
lar,  the  design  for  the  three-stage  missile  "Meteor  Junior "****, in¬ 
tended  for  a  flight  to  the  moon.  Includes  a  first  stage  with  a  block- 
type  engine  of  17  chambers,  each  with  a  thrust  of  59.2  tons;  a 
second  stage  with  an  engine  of  6  chambers,  each  with  a  thrust  of 

20  tons;  and  a  third  stage  with  an  engine  of  four  chambers,  each  with 
*Ekspress-lnformatsiya,  AN  USSR,  No.  20,  ADS- 78,  1958. 

**Ekspress-lnfonnatslya,  AN  USSR,  No.  11,  ADS-42,  1938. 

*»#Ekspress-lnformatslya,  AN  USSR,  No.  7*  RT-13»  1958. 

*#»#Ekspress- informats iya,  AN  USSR,  No.  o,  RT-23,  1958. 
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a  thrust  of  2.25  tons.  Five  engines  are  mounted  on  "propeller*' 
shafts  with  hydraulic  drive  for  controlling  the  flight  of  each  mis¬ 
sile  stage.  Liquid  fluorine  Is  the  oxidizer  proposed  for  the  engine 
of  this  missile. 

When  selecting  the  type  and  plan  for  an  engine,  we  must  first 
of  all  bear  In  mind  that  the  production  of  a  single- chamber  engine 
with  great  thrust  Is  extraordinarily  difficult,  requires  much  time, 
6ind  Is  accompanied  by  enormous  expenditures  of  funds.  It  Is  economi¬ 
cally  more  advantageous  to  use  a  block-type  engine  In  the  form  of  a 
cluster  of  cnambers  made  In  accordance  with  earlier  designs  for 
single-chamber  engines  of  smaller  thrusts. 

However,  a  single- chamber  engine  of  the  same  thrust  Is  simpler 
from  the  design  viewpoint  and  has  a  smaller  external  diameter.  Never^. 
theless,  because  the  reliability  of  single- chamber  ZhRD  la  still  not 
high,  and  for  the  purpose  of  weight  reduction  for  the  design,  these 
engines  are  designed  and  fabricated  with  minimum  strength  safety 
factors;  even  an  Insignificant  disruption  In  starting  conditions  or 
a  small  Irregularity  In  operation  can  cause  an  explosion  and  mis¬ 
sile  breakdown.  Besides  the  destruction  of  parts,  an  explosion  can 
disrupt  the  sequence  of  certain  operations,  especially  the  Ignition 
of  the  fuel  at  engine  start.  The  difficulties  of  fuel  Ignition  at 
engine  start  Increase  In  the  later  stages  of  the  multi-stage  missile 
because  of  the  low  pressures  and  temperatures  at  high  altitudes.  In 
comparison  to  the  temperatures  and  pressures  at  ground  level  when  the 
first-stage  engine  Is  started. 

Prom  this  viewpoint,  a  multi-chamber  (block-type)  engine  Is  more 
reliable,  since  a  breakdown  In  one  of  Its  cheunbers  need  not  cause 


the  breakdown  of  the  entire  engine. 

The  basic  difficulties  In  throttle  control  for  engines  of  great 


thrusts  are  caused  by  the  disruption  of  the  normal  fuel-combustion 
cycle,  the  cooling  conditions,  and  the  stabilization  of  engine  .  . 
operation.  At  a  partial  load,  a  multi- chamber  engine  with  thrust 
regulated  by  means  of  a  variation  in  fuel-flow  rate  apparently  has 
a  greater  specific  thrust  than  a  single- chamber  engine  of  the  same 
thrust,  since  the  range  of  load  variation  for  each  small  chamber  of 
a  block-type  engine  is  narrower  and  losses  in  specific  thrust  caused 
by  regulation  of  fuel-flow  rate  are  relatively  smaller. 

Included  in  the  shortcomings  of  a  multi- chamber  engine  are  the 
necessity  of  maintaining  strict  mutual  conformity  of  thrust  for  the 
separate  chambers  in  order  to  avoid  asymmetry  in  the  resultant  engine 
thrust,  and  also  the  presence  of  a  branched  "plumbing"  system,  and  a 
relatively  complex  regulation  system  to  provide  for  the  given  operat¬ 
ing  characteristics,  as  well  as  to  suppress  possible  vibrations  and 
self-oscillations.  We  must  also  bear  in  mind  that  multi-stage  mis¬ 
siles  are  considerably  less  reliable  than  single-stage  missiles. 

When  we  develop  ZhRD  of  great  thrust,  we  must  pay  particular 
attention  to  the  solution  of  such  problems  as  an  Increase  in  the  opera¬ 
tional  reliability  of  the  separate  chambers,  a  method  of  starting 
these  chambers  in  space,  a  considerable  convergence  of  scatter  limits 
of  the  basic  characteristics  for  the  separate  engine  chainbers,  the 
development  of  reliable  engines  developing  great  thrust  without  an 
excessive  Increase  in  the  number  of  chambers,  the  introduction  of 
hlgh-efflclency  fuels,  etc. 

SECTION  2.  STATIC  TESTS  OP  ZhRD 

Newly  built  exiglnes  are  subjected  to  cold- calibration  and  hot- 

firing  tests  on  stands,  in  accordemce  with  special  programs.* 

*D.  Satton  [sic,  possibly  O.P.  Sutton],  Raketnyye  dvlgatell  [Rocket 
Engines],  IL,  1932. 
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The  cold- calibration  tests  of  a  ZhRD  involve  hydraulic  and  pneu¬ 
matic  engine  tests  for  the  purpose  of  checking  the  strength  of  the 
separate  elements  and  the  hermetic  sealing  of  the  weld  seams,  "plumb¬ 
ing"  connections,  etc. 

During  static  hot-firing  tests  of  a  we  adjust  the  engine 

to  the  given  parameters  in  regard  to  thrust,  economy,  and  reli¬ 
ability  of  operation;  we  also  establish  the  permissible  ranges  of 
operation  in  various  regimes,  determine  operating  time,  and  check  on 
the  safety  of  starting  and  stopping  the  engine. 

The  adjustment  of  an  engine  is  always  attended  by  enormous  dif¬ 
ficulties.  In  practice,  the  adjustment  of  a  ZhRD  is  frequently  ac- 
conqpanled  by  new  maladjustments,  after  the  engine  has  been  subjected 
to  tens  of  firing  starts  in  order  to  check  the  absence  of  shocks 
and  the  reliability  of  starts. 

Hot-firing  tests  of  ZhRD  are  very  dangerous  for  servicing  per¬ 
sonnel  because  of  possible  explosions  and  fires.  A  reliable  personnel 
shelter  is  required  and  the  engine  undergoing  tests  must  be  kept 
at  a  distance  from  the  personnel,  with  strict  observation  of  safety 
precautions;  also,  preliminary  studies  and  model  tests  of  the  separate 
vunlts  and  assemblies  on  special  benches  are  mandatory. 

Thus,  for  example,  it  is  better  to  test  the  turbine  separately 
with  water  vapor  or  compressed  gas  before  the  final  test  of  the 
turbopump  assembly;  the  pun^js  can  be  adjusted  for  the  given  operating 
regime  by  the  use  of  less  dangerous  liquids  than  liquid  oxygen, 
nitric  acid,  or  the  like  (such  as  water,  for  exanqple) , 

We  can  determine  the  characteristics  of  the  chamber  head  by 
hydraulic  tests  with  water  and  then  by  hot- firing  tests  of  the  engine 
chamber.  Testing  the  chamber  head  with  water  permits  us  to  ascer¬ 
tain  the  nature  of  the  InJector-Jet  interaction,  and  of  the  atomlza- 
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tion,  mixing,  and  distribution  of  the  liquid  throughout  a  cross  sec¬ 
tion  of  the  engine  combustion  chamber.  Although  such  tests  are  carried 
out  under  conditions  very  different  from  the  real  engine  operating 
conditions,  they  can  be  useful  for  improving  the  operation  of  the 
engine-chamber  head. 

We  can  also  use  water  to  check  the  engine  propellant -component 
flow  rate,  which  depends  on  the  operational  nature  of  the  various 
assemblies,  elements,  and  units  of  the  fuel-feed  system.  Since  this 
type  of  testing  is  very  In^ortant,  a  special  laboratory  is  sometimes 
equipped  for  this  purpose.  To  test  fuel-feed  systems  for  explosive 
con^onents,  we  sometimes  require  installations  as  complex  as  those 
used  for  testing  entire  ZhTO. 

We  can  also  study  the  problem  of  cooling  an  engine  chamber  (es¬ 
pecially  when  using  new  propellant  components)  to  a  considerable 
degree  by  the  use  of  models,  which  can  be  made  more  simply  and  more 
rapidly . 

Hot-firing  tests  of  the  entire  engine  are  usually  preceded  by 
tests  of  the  sepeu’ate  assemblies  under  more  difficult  operating  con¬ 
ditions  than  the  normal  operating  regime  in  the  engine  (such  as, 
for  exajT?)le,  with  regard  to  load,  operating  time,  etc.).  In  these 
tests,  we  must  be  particularly  careful  not  to  destroy  the  assemblies, 
since  they  are  always  designed  and  manufactured  to  operate  with  a 
small  strength  safety  factor  for  the  purpose  of  reducing  weight.  At 
first,  an  engine  chamber  can  be  tested  with  water  cooling  and  then 
with  cooling  by  means  of  the  propellemt  component  selected  for  this 
purpose . 

The  first  test-firings  of  an  engine  are  of  short  duration  (several 
seconds)  and  are  followed  by  careful  Inspection  of  all  the  elements 
and  assemblies,  either  partially  or  entirely  dismantled.  The  specific 
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programs  for  these  tests  depend  on  the  features  and  the  designation 
of  the  ZhRg.  We  usually  Introduce  many  changes  based  on  the  results 
of  the  previous  tests  during  the  final  tests  of  the  assembled  engine. 

An  engine  that  has  been  brought  to  the  given  operating  param¬ 
eters  by  the  designer  is  presented  to  the  departmental  commission 
for  hot-firing  tests.  The  basic  purpose  of  these  tests  is  to  check 
the  conformity  of  the  actual  engine  operating  parameters  with  the 
technical  aspects  of  its  construction.  In  these  tests  particular  at¬ 
tention  is  devoted  to  the  operational  features  of  the  engine. 

If  the  results  of  these  tests  are  favorable,  the  engine  is  pre¬ 
sented  to  a  special  commission  for  static  firing  and  flight  tests. 
During  these  tests  we  check  the  basic  and  operational  characteristics 
of  the  engine  and  make  recommendations  concerning  the  feasibility  of 
placing  the  engine  in  series  production  in  accordance  with  the  re¬ 
sults  of  the  tests. 

Proving- ground  flight  tests  of  an  engine  installed  in  a  corre¬ 
sponding  weapon  are  performed  under  conditions  that  are  quite  dif¬ 
ferent  from  those  of  static  tests.  Here  the  engine  begins  to  operate 
for  the  first  time  under  the  effect  of  gravity,  which  can  disrupt 
propellemt- component  feeding  to  the  combustion  chamber  and  the  opera¬ 
tion  of  the  valves  in  the  fuel-feed  and  control  systems . 

We  perform  flight  tests  both  for  the  purpose  of  the  determina¬ 
tion  of  engine  cheu^acterlstlcs  under  operating  conditions  and  for  the 
evaluation  of  the  vibrational  effect  of  engine  operation  on  the  in¬ 
struments  and  on  the  entire  structure  of  the  weapon. 

It  is  very  difficult  to  obtain  data  concerning  missiles  in 
flight;  we  usually  use  a  system  of  telemetric  control  for  this  pur¬ 
pose.  In  missile  tests  we  should  try  to  ensure  that  we  obtain  all 
the  required  data  from  each  missile  launching,  since  a  missile  is  a 
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one-shot  object.  Data  concerning  the  operation  of  an  aircraft  engine 
In  flight  can  be  recorded  by  conventional  automatic  recording  devices. 

In  most  cases,  Z^D  are  used  In  large  and  expensive  rockets  for 
which  special  flight  tests  to  check  reliability  are  often  barred  be¬ 
cause  of  tne  enormous  cost .  For  this  reason.  In  most  cases  the 
designer  has  no  opportunity  to  obtain  Information  on  the  way  various 
elements  of  the  engine  operate  under  various  real  flight  conditions. 

We  can  evaluate  the  surrounding  medium  In  wnlch  a  and  Its  ele¬ 

ments  must  operate  only  approximately  before  the  flight  tests.  Also, 
the  corresponding  telemetric  Information  concerning  engine  operation 
during  a  flight  test  cannot  always  be  obtained.  Besides  this.  In  each 
new  case  of  the  use  of  an  engine  In  rockets,  the  ambient  flight  con¬ 
ditions  usually  vary. 

Sometimes  we  can  resolve  this  difficulty  by  the  use  of  a  ZhRD  In 
an  aircraft,  for  flight  teats  of  an  engine  In  an  aircraft  are  not  so 
limited  with  respect  to  cost;  a  piloted  aircraft  Is  an  economical 
flying  laboratory.  In  which  the  separate  units  and  assemblies  can  be 
studied  for  the  purpose  of  improving  them  under  real  operating  con¬ 
ditions  . 

It  Is  feasible  to  use  sleds  for  natural  flight  tests  of  engines 
for  objects  operating  at  supersonic  flight  speeds  (Plg.  13.1).* 

This  method  of  testing  engines  and  missiles  Is  gaining  ever  Increas¬ 
ing  Importance,  since  at  the  present  time  natural  tests  of  objects 
In  wind  tunnels  at  supersonic  speeds  Is  practicable  only  for  small 
objects.  When  computing  flight  trajectories,  especially  for  long- 
range  ballistic  missiles,  we  must  have  all  aerodynamic  characteristics 
that  can  be  obtained  by  sled  tests. 

As  we  can  see,  the  development  of  each  engine  assenibly  as  a 
*jet  propulsion,  1956,  No.  2. 
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Whole  from  the  prototype  to  the  series  model  is  a  long  and  a  very  dif¬ 
ficult  process.  This  is  particularly  true  of  the  engine  chamber  be- 
^  cause  of  the  necessity  of  burning  great  per-second  flow  rates  of 

fuel  efficiently  within  a  small  volume.  Consequently,  we  are  not  al¬ 
ways  successful  in  designing  and  fabricating  any  engine  assembly 
(the  chamber,  the  turbine,  or  even  the  simplest  valve)  in  such  a  way 
that  it  satisfies  the  requirements  Imposed,  without  experimental 
Improvements . 


t 


The  task  of  the  design  and  the  perfection  of  a  ZhRD  with  a 
thrust  of  several  hundred  tons  is  particularly  difficult.  At  the  con¬ 
temporary  level  of  development  in  reaction  engineering,  we  conceive 
of  such  an  engine  as  being  multi- chambered.*  It  could  be  a  "cluster" 
of  a  certain  ntimber  of  larger  or  smaller  chambers  with  Independent 
fuel-feed  systems,  or  one  or  several  "clusters"  of  multi-chamber  en¬ 
gines  with  a  common  feed  system  for  several  chambers,  l.e.,  with  a 
common  TOIA  and  a  common  gas  generator. 

Because  the  development  of  a  is  usually  associated  with  the 

development  of  new  forms  of  armament,  there  are  no  accurate  data  con- 
^IvIStlon  Dally,  Vol.  Il4,  No.  35,  1958. 
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cemlng  the  newest  types  of  engines  for  long-range  and  super- long- 
range  missiles.  However,  reports  published  in  the  foreign  press  con¬ 
cerning,  for  example,  the  construction  of  test  stations  for  ZhTO  per¬ 
mit  us  to  assume  that  engines  with  a  thrust  of  200  tons  and  more 
have  already  been  developed.  We  can  also  assume  that  a  further  In¬ 
crease  In  ZhgD  thrust  will  be  attained  by  means  of  the  use  of  "clus- 
ters"of  engines  operating  In  unison.  Therefore,  we  could  develop 
engines  with  a  thrust  of  several  hundred  tons  In  a  single  unit,  on 
the  basis  of  existing  chambers  with  thrusts  of  20-100  tons.  According 
to  data  from  the  American  press,*  the  USAP  has  ordered  a  ZhRD  with 
a  thrust  of  450  tons  from  the  firm  "North  American"  and  has  been 
conducting  studies  on  the  construction  of  a  multi- chainber  engine  with 
a  tnrust  of  700  tons  since  1954. 

In  Industrial  series  production,  every  engine  undergoes  brief 
hydraulic,  pneumatic,  and  production  hot-firing  tests  on  a  stand. 

In  accordance  with  special  programs.  The  final  tests  are  performed 
for  the  determination  and  the  refinement  of  the  basic  rating-plate 
data  for  the  engine. 

If  the  fabrication  of  the  engine  chambers  Is  of  good  quality, 
about  5-105^  of  the  fabricated  batch  must  pass  through  production 
test-firings.  If  the  production  of  engines  Is  properly  organized, 
this  form  of  chamber  tests  snould  be  entirely  unnecessary.  Besides, 
the  testing  of  chambers  of  great  thrusts  Is  quite  expensive. 

Therefore,  It  Is  advisable  to  limit  static  tests  for  engines 
with  particularly  simple  designs  and  short  one-shot  service  life  to 
the  checking  of  the  operation  of  the  electrical  and  the  pneumatic 
systems . 

Aircraft  ZhBD  undergo  about  the  same  tests  as  conventional  turbo- 
•interavla.  No.  4038,  1958. 
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Jet  engines.  We  test  each  assembly  for  Its  entire  thrust  range  and 
check  the  fuel  Ignition  and  combustion  and  the  operating  characteris¬ 
tics  In  order  to  ensure  that  they  satisfy  the  technical  conditions. 

We  also  perform  tests  under  special  conditions,  such  as,  for  exan?)le, 
testing  the  Ignition  system  under  hlgh-altltude  flight  conditions^ 

In  tests  of  the  Me-l63,  the  Germans  filled  the  fuel  tanks  with  water 
and  supplied  the  turbopump  assembly  with  steam  from  an  external 
generator.  By  this  means  It  was  possible  to  check  the  operation  of 
the  valves  without  using  expensive  fuel. 

We  can  also  carry  out  static  hot-flrlng  tests  of  an  engine  In 
accordance  with  a  tremendous  variety  of  programs  entirely  for  the 
pui?pose  of  research  (to  study  fuel- combustion  cycles. to  determine 
the  value  of  as  a  function  of  a,  or  to  study  economy  of  operation 
In  corresponding  regimes  to  check  the  efficiency  of  methods  for  the 
atomization  of  propellant  components,  etc.). 

Special  experimental  Installations  for  experimental  checks  of 
theoretical  computations  of  the  specific  thrust  developed  by  an  en¬ 
gine,  operating  on  various  fuels, are  often  set  up. 

Considering  the  difficulties  encountered  In  preparing  the  fuels 
under  Investigation  In  large  enough  quantities  and  In  order  to  re¬ 
duce  the  expenditures  for  the  experiments  to  the  minimum,  we  have 
these  Installations  made  to  develop  low  thrust  (of  the  order  of  100- 
250  kg) .  In  order  to  use  the  results  of  the  experiments  for  an  ob¬ 
jective  evaluation  of  the  efficiency  of  the  different  fuels  under  In¬ 
vestigation,  the  cnambers  of  experimental  Installations  are  made  for 
high  pressures  (within  the  limits  of  20-60  atm  abs),  since  the  com¬ 
pleteness  of  fuel  combustion  Increases  In  direct  proportion  to  the 
pressure  In  the  combustion  chamber.  The  use  of  high  pressures  for 
fuel  combustion  gives  rise  to  extremely  rigid  requirements  for  the 
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chamber-cooling  system.  Water,  which  has  good  cooling  properties, 
often  serves  as  a  cooling  agent  In  these  cases . 

Hot- firing  tests  of  engines  require  special  experimental  stands 
and  accurate  measuring  equipment. 

The  etructu]?e,  equipment,  and  methodology  for  these  stands  and  the 
duration  of  the  tests  depend  on  the  type  of  engine  and  the  designation 
of  the  hot-flrlng  tests  In  each  specific  case.  Since  engines  developing 
great  thrusts  have  enormous  per-second  propellant -component  flow  rates, 
stands  and  measuring  equipment  for  these  engines  are  designed  and  con¬ 
structed  In  such  a  way  as  to  provide  for  completion  of  tests  and 
measurements  within  the  shortest  possible  time. 

Either  open  or  closed  steuids  are  built  for  hot-flrlng  tests  of 
engines  developing  comparatively  small  thrusts;  sometimes  the  fuel  tanks 
In  these  stands  are  partitioned  from  the  test  cell  or,  for  the  purpose 
of  safety,  the  tanks  may  be  separated  from  the  cell  by  a  wall  reinforced 
with  brick  or  concrete.  In  these  stands,  we  can  control  and  observe 
engine  tests  from  small  observation  ports  (usually  made  of  plexlglas); 
from  "pyroscopes"  or  a  system  of  mirrors;  from  an  adjacent  compartment 
separated  from  the  test  cell  by  an  armored  wall;  or  from  a  concrete 
bunker  located  at  some  distance  from  the  stand.  A  pit  filled  with  water 
for  dilution  of  propellant  components  can  be  dug  below  the  stand. 

We  can  build  special  open  or  closed  test  stands  for  tests  of  med- 
l\un-thrust  engines.  In  the  first  case,  the  stand  Is  usually  dug  In  the 
earth  and  surrounded  by  an  earth  revetment.  A  light  shed  Is  often  built 
to  protect  the  stand  and  the  measuring  equipment  above  the  stand.  In 
the  second  case,  each  firing  pit  (cell)  of  the  stand  Is  surrounded  by 
concrete  walls  on  three  sides  and  covered  by  a  roof.  The  cell  has  two 
compartments:  one  for  Installation  of  all  the  control  and  guidance 
devices  and  the  other  for  the  propellant -component  tanks. 

We  often  use  a  pressurized  fuel-feed  system  for  simplicity  and 
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ease  In  control  of  experiments.  A  compressed  gas  (air  or  nitrogen) 

o 

under  a  pressure  of  about  250-300  kg/cm  Is  fed  through  a  system  of 
"plximblng"  from  flasks  located  In  a  different  compartment  through  .  ,**- 
ductlon  valves  Into  the  control  room  and  then  through  other  valves  Into 
the  fuel  tanks.  A  sprinkler  system  is  Installed  in  case  of  engine  ex¬ 
plosion  or  a  fire  in  the  test  cell;  when  the  sprinkler  system  is  turned 
on,  water  immediately  floods  the  entire  apron  and  then  drains  into  a 
sump. 

The  Instrument  panel  is  usually  very  simple  and  is  installed  in 
such  a  way  as  to  make  it  convenient  for  the  operator  to  control  the 
Instruments.  Here,  one  of  the  main  precautionary  measures  is  to  prevent 
valves  and  other  electrically  controlled  equipment  from  being  switched 
on  accidentally.  For  this  purpose,  electric  power  Is  fed  to  the  control 
panel  through  a  fuse  box  equipped  with  a  demountable  "safety  link"  that 
has  male  plugs  at  each  end.  These  plugs  are  inserted  into  rosettes  that 
are  so  arranged  that  the  Instrument  panel  is  switched  on  only  at  a 
certain  (correct)  position  of  a  switch  controlled  by  the  person  respon¬ 
sible  for  conducting  the  engine  test. 

The  arrangement  of  the  equipment  in  these  stands  depends  on  the 
type  of  test,  but  the  engine  Is  always  mounted  at  the  open  end  of  the 
cell  In  order  to  prevent  great  destruction  In  case  of  an  explosion.  If 
a  measurement  of  engine  thrust  Is  not  required  during  the  test,  the 
stand  can  be  of  simple  rigid  construction;  otherwise,  a  stand  permitting 
some  displacement  of  the  engine  Is  required. 

In  these  cases,  the  test  stand  Is  usually  designed  as  a  movable 
parallelogram  (Fig.  13>2).  A  fixed  parallelogram  Is  more  complex,  but 
has  the  advantage  that  engine  thrust  can  be  measured  at  any  position  of 
the  movable  [sic]  parallelogram  unlike  a  movable  [sic]  parallelogram. 

In  which  any  displacement  In  the  line  of  thrust  transmission  makes  a 
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new  thrust  calibration  necessary. 

A  contemporary  station  for  tests 
of  ZhM  developing  great  thrusts  may 
Include : 

1.  A  test  cell  (or  sometimes 
several  cells),  occupying  a  special 
building  and  consisting  of  a  special 
bench  for  Installation  and  testing 
of  an  engine,  and  of  Instriiments  and 
equipment  for  measurement  of  thrust, 
per-second  propellant -component  flow 
rates,  pressures,  temperatures,  etc. 

The  fuel  tanks  and  certain  Instruments  and  equipment  are  often  In¬ 
stalled  In  a  special  compartment  of  the  test  cell. 

2.  The  control  room  for  engine  tests,  which  Is  often  a  separate 
building  reinforced  with  concrete  or  brick  and  contains  the  Instruments 
and  control  devices;  a  system  for  communications  between  the  operator 

a  id  the  servicing  personnel  who  work  In  the  test  cell  during  Install¬ 
ation,  checking,  and  preparation  of  the  engine  for  tests  and  during  dis¬ 
mounting  of  the  engine  after  tests. 

3.  The  auxiliary  building  of  the  station.  In  which  the  engine  Is 
prepared  for  tests  (  the  technical  condition  of  the  engine,  the  docu¬ 
mentation,  etc.  are  checked). 

4.  The  machine  shop,  which  contains  equipment  for  servicing  and 
repairing  the  test  station  and  the  engine  Itself. 

5.  Warehouses  for  storage  of  propellant  components  and  other 
liquids  used  In  engine  tests  (these  warehouses  are  located  at  some  dls- 
tauice  from  the  test  cell). 

6.  The  personnel  building  of  the  station  for  engineering,  technical 


Pig.  13.2.  Movable  parallel¬ 
ogram  for  hot -firing  tests  of 
ZhRD. 
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and  servicing  personnel. 

Other  variations  and  construction  plans  for  test  stations  are  also 
possible. 

As  a  rule,  test  stations  for  ZhRD  developing  great  thrusts  are 
located  at  a  great  distance  from  densely  populated  areas.  Local  relief 
Is  often  used  for  convenience  In  the  location  of  a  test  station. 

.  A  test  stand  of  special  construction  Is  required  for  tests  of 
engines  Intended  for  small  guided  missiles.  In  which  the  chamber  and 
the  fuel  tanks  are  one  unit  (Pig.  13* 3)*  In  this  case,  a  possible  ex¬ 
plosion  during  engine  tests  would  be  more  powerful  because  of  the  great 
amount  of  fuel  In  the  chamber. 

We  must  pay  particular  attention  to  the  safety  of  the  servicing 
personnel  when  designing  a  station  for  testing  ZhRD.  Care  In  the  hand¬ 
ling  of  propellant  components  Is  most  Important,  since  many  of  them  are 
toxic  and  noxious  to  the  htiman  organism.  This  Is  especially  true  of 
nitric  acid  and  hydrogen  peroxide.  The  danger  Involved  In  handling 
liquid  oxygen  Is  also  well  known. 

Servicing  personnel  must  be  In  bunkers  separated  from  the  test 
cell  during  engine  tests.  A  test  station  Is  always  supplied  with  re¬ 
liable  firefighting  equipment. 

As  we  have  already  mentioned  above,  the  test-cell  compartment  has 
concrete  or  relnforced-brlck  walls  on  all  sides  except  the  side  from 
which  we  observe  the  engine  tests  and  from  the  open  side  provided  for 
escape  of  exhaust  gases;  the  cells  are  built  In  this  way  so  that 
safety  precautions  will  not  Interfere  with  the  experiment  being  carried 
out.  The  control  room  for  engine  tests  Is  located  close  to  the  test 
cell  (often  on  the  left  side  of  the  cell).  The  control  room  has  several 
Inspection  holes  In  the  test-cell  side  for  visual  observation  of  the 
testing  process.  The  pjtnes  of  these  sight  holes  are  made  of  rather 
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Pig.  13.3*  Schematic  plan 
of  a  station  for  firing 
tests  of  small  engines,  l) 
drainage  siimp;  2)  test  cellj 
3)  fuel  tanks;  4)  control 
room;  5)  Instrument  panel; 

6)  camera  for  photographing 
Instrument  readings  during 
engine  tests;  7)  control 
panel;  8)  device  for  In¬ 
direct  observation  of 
engine  behavior  during  tests 
or  armored  window  (with  a 
thick  pane  made  of  plexlglas) 
for  visual  observation;  9) 
flasks  of  compressed  gas. 


thick  plexlglas. 

The  engine  Is  started  by  remote 
control. 

The  organization  of  static  tests 
provides  for  strict  observation  of 
safety  precautions.  The  servicing 
personnel  are  Instructed  In  detail 
concerning  the  rules  of  procedure  and 
the  sequence  of  operations  Is  regu¬ 
lated.  The  operator  gives  a  signal 
(usually  a  siren)  before  the  engine 
Is  started  to  warn  all  hands  that 
hot -firing  engine  tests  are  begin¬ 
ning. 

The  following  engine  parameters 
are  usually  measured  In  hot -firing 


static  engine  tests: 

1)  the  absolute  engine  thrust; 


2)  the  per-second  flow  rates  of  combustible,  oxidizer,  and  aux 


Illary  working  fluids  to  the  combustion  cheunber; 

3)  the  pressure  of  the  combustible  and  the  oxidizer  to  the  In¬ 
jectors  In  the  pressurized  and  pump-fed  "plumbing"; 

4)  the  pressure  In  the  combustion  cheunber; 

5)  the  temperature  of  the  propellant  components  at  the  Inlet  to 


the  engine  and  the  temperature  of  the  cooling  agent  at  the  Inlet  to 
and  the  outlet  from  the  chamber; 

6)  the  temperature  of  the  gas  In  the  combustion  chamber  and  of 
the  walls  of  the  Inner  combustion-chamber  and  nozzle  liners; 

7)  the  pressure  and  the  velocity  of  the  gases  at  the  outlet  from 
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the  nozzle; 

8)  the  chemical  composition  of  the  products  of  fuel  combustion. 

We  measure  the  parameters  enumerated  above  as  the  engine  Is 
started  and  stopped  as  well  as  during  the  steady-state  engine  operating 
regime . 

At  the  present  time  we  can  measure  thrust  and  flow  rate  and  pres¬ 
sure  of  liquid  and  gases  with  a  sufficient  degree  of  accuracy. 

Spring  dynamometers,  hydraulic  or  pneumatic  dynamometers,  or  pick¬ 
ups  of  the  tensometer  type  can  be  used  as  Instruments  for  the  measure¬ 
ment  of  thrust.  We  often  use  a  dynamometer  Installation  for  the  measure¬ 
ment  of  thrust;  this  consists  of  a  hinged  parallelogram  from  which 
thrust  force  Is  transmitted  to  a  penduliam  dynamometer. 

As  we  have  already  mentioned  above,  the  conventional  design  of  a 
bench  for  the  Installation  of  an  engine  and  the  measurement  of  Its 
thrust  Is  a  movable  or  a  fixed  parallelogram,  or  a  cradle  suspended  on 
elastic  steel  bands.  In  these  test-stand  Installations  thrust  force 
Is  transmitted  directly  to  a  thrust  transmitter  —  a  dynamometer 
(Pig.  13*^)  or  an  Instnanent  of  some  other  type.  The  pressure  In  the 
dynamometer  Is  measured  by  a  first  precision  class  manometer.  The 
accuracy  of  thrust  measurement  by  means  of  the  elastic  elements  and 
the  diaphragm  of  the  flow  dynamometer  usually  does  not  exceed  0.55^ 
at  an  error  In  the  manometer  (that  measures  the  pressure  In  the  dyna¬ 
mometer)  of  no  more  than  0.355^*  The  calibration  of  a  dynamometer  Is 
usually  perfomed  with  the  aid  of  standard  loads  and  an  articulated 
lever. 

Test  stands  are  so  equipped  as  to  permit  the  Installation  and  the 
testing  of  an  engine  within  the  shortest  time.  Sometimes  It  becomes 
necessary  to  measure  the  lateral  components  of  thrust  or  even  the 
torque  developed  by  the  gas  rudders  of  an  engine  chamber.  This  requires 
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a  very  complex  measurement  Install¬ 
ation  resembling  the  aerodynamic 
balances. 

The  measurement  of  working -fluid 
flow  rates  during  engine  tests  Is  a 
rather  complex  task.  Propellant -com¬ 
ponent  flow  rates  are  often  deter¬ 
mined  by  means  of  throttle  plates. 

In  this  case  we  ordinarily  use 
differential  mercury  manometers, 
which  are  the  most  accurate  and  re¬ 
liable  among  Instruments  of  this  type.  The  throttle  plates  are  designed 
so  that  the  height  of  the  mercury  In  the  differential  manometer  Is 
about  600-1200  mm;  this  permits  making  readings  with  an  accuracy  of 
0.2-0.35^. 

We  can  successfully  use  a  rotary  flow  meter  (Pig.  13* 5)  for  the 
measurement  of  the  flow  rate  of  liquids.  Including  those  that  cause 
corrosion,  at  various  temperatures  (from  the  temperature  of  liquid 
oxygen  up  to  several  hundred  degrees)  and  at  various  pressures.  A  flow 
meter  consists  of  three  basic  parts; 

1)  the  flow  meter  pickup.  Installed  In  the  "plumbing";  electric 
pulses  are  generated  In  the  pickup  with  a  frequency  proportional  to  the 
flow  rate  of  the  liquid  In  the  "plumbing"; 

2)  an  electronic  relay  that  converts  the  electrical  pulses  Into 
direct  current  proportional  to  the  frequency; 

3)  an  Indicator  of  stauidard  type  representing  a  one^llllampere 
mllllammeter,  selected  In  accordance  with  the  characteristics  needed; 
the  scale  can  be  graduated  In  any  sort  of  units. 

A  flow-meter -receiver  Is  a  tube  Inside  of  whlch^a  four-vaned  screw 


pig.  13.4.  The  dynamometer  — 
el  thrust  transmitter  for  a 
test  stand,  l)  fixed  element; 
2)  lead  to  manometer;  3)  dia¬ 
phragm;  4)  movable  element; 

5)  dynamometer  chamber;  6) 
fixed  element;  7)  packing. 
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Pig.  13.5.  Basic  diagram  of  a  rotation  flow  meter  A)  oversell  view; 

B)  turbine. 

rotor  Is  located.  One  of  the  vanes  of  this  rotor  has  a  magnetic  Insert; 
the  opposite  vane  Is  counterbalanced  In  the  corresponding  way. 

A  flow-meter  Inductor  Is  a  coll  with  an  Iron  core  located  In  a 
casing  that  Is  screwed  Into  the  receiver  tube  In  such  a  way  that  the 
coll  lies  within  the  field  of  the  rotor  magnet. 

A  signal  pulse  Is  Induced  within  the  coll  at  every  revolution 
of  the  rotor;  the  frequency  of  pulses  Is  proportional  to  the  flow  rate 
of  the  liquid.  The  pulse  Is  amplified  and  fed  Into  the  pulse -counter 
circuit. 

The  flow  rate  Is  measured  In  units  of  volume  or.  If  the  specific 
weight  of  the  liquid  remains  constant.  In  units  of  weight.  If  the  In¬ 
dicator  of  the  flow  meter  Is  calibrated  In  weight  units,  variations  In 
the  specific  weight  of  the  liquid  will  cause  an  error  In  the  flow-rate 
readings.  In  such  cases  we  can  use  different  methods  of  calibration. 

The  determination  of  per-second  propellant -component  flow  rate  by 
the  method  of  reading  the  level  In  the  test-stand  tanks  before  and 
after  the  engine  Is  started  Is  seldom  used,  since  the  readings  given 
by  this  method  during  the  period  of  nonsteady  engine  operation  are  dis¬ 
torted. 

In  hot -firing  tests  of  the  mean  square  accuracy  In  the 

measurement  of  thrust  and  of  the  per-second  flow  rates  of  the  combusti¬ 
ble  and  the  oxidizer  must  not  exceed  of  the  measured  magnitude. 


Pressures  are  the  most  important  working  parameters  of  the  engine. 
We  often  measure  pressure  with  first  precision  class  manometers.  Any 
system  of  measurement  readings  based  on  mechanical  motion  has  one  very 
serious  shortcoming:  unsatisfactory  frequency  characteristics.  For  ex¬ 
ample,  a  Bourdon  diaphragm  gauge  Indicates  only  the  mean  pressure  at 
oscillations  with  a  frequency  above  1-2  cps.  We  measure  small  excess 
pressures  or  a  vacuimi  (In  the  nozzle  outlet  section)  with  a  mercury 
vacuian  manometer.  Pickups  are  also  used  to  measure  pressures 
(Fig.  13.6)*.  They  operate  on  the  principle  of  the  conversion  of  the 
work  performed  by  pressure  of  the  liquid  or  the  gas  Into  an  electrical 
signal  which,  in  turn.  Is  transformed,  amplified,  and  recorded.  The 
most  common  of  these  Is  the  carbon  pickup,  whose  sensing  element  Is 
composed  of  special  carbon  discs  that  change  their  electrical  con¬ 
ductivity  as  a  function  of  the  load  developed  by  a  diaphragm. 

Pickups  operating  on  the  principle  of  a  variation  in  capacitance 
are  also  used.  In  these,  the  pressure  on  a  diaphragm  changes  the  volume 
between  the  diaphragm  and  an  Immovably  fixed  plate.  This  change  In 
capacity  varies  the  strength  of  the  signal  which  Is  transmitted  to  an 
Instrument  with  fixed  frequency  modulation.  If  the  pickup  must  operate 
In  hlgh-temperature  gases.  It  is  cooled  by  water.  The  pickup  must  be 
strong  and  capable  of  withstanding  the  high  shock  loads  obtained 
during  the  starting  of  an  engine;  It  must  operate  reliably  without 
errors;  It  must  not  be  sensitive  to  temperature  variations  and  must 
provide  for  a  linear  Interdependence  between  the  pressure  and  the 
thrust  of  the  engine. 

Since  an  engine  Is  usually  designed  and  constructed  to  operate 
with  a  minimum  strength  safety  factor  for  Its  separate  parts,  the 
temperatures  of  the  working  fluids  are  very  Important  for  an  engine. 

We  can  measure  the  temperatures  of  the  propellant  components  and 

*  flkspress-Informatslya,  AN  USSR,  No.  17,  ADS -67,  I958. 
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Schematic  cross  section  of  pressure  pickups.  1)  capacity 
potentiometer  pickup;  3)  tension  pickup;  4)  Induction 
lead  contact;  B)  diaphragm;  C)  circuit  coll;  D)  central 
E)  slide  contact;  P)  lead  terminals;  G)  p9tentlometer; 


H)  compensating  Inductance;  I)  working  Inductance;  J)  tension  element; 
K)  asbestos  packing;  L)  working  cylinder;  M)  movable  armature. 


the  temperatures  of  the  Inner-liner  walls  throughout  the  chamber  by  the 
use  of  thermocouples.  We  place  these  thermocouples  In  the  liner  In  ad¬ 


vance  In  order  to  measure  Inner  chamber-liner  temperatures.  However, 
these  measurements  are  not  very  accurate,  since  a  considerable  tempera¬ 
ture  difference  occurs  across  the  liner  and  the  thermocouple  has  di¬ 


mensions  Qommensurate  with  the  thickness  of  the  liner. 


We  often  assume  that  the  temperature  of  the  propellant  components 
at  the  engine  Is  equal  to  the  temperature  of  the  liquid  In  the  tank, 
since  the  temperature  In  the  "plumbing"  before  the  engine  Is  started 
differs  very  little  from  the  temperature  of  the  compartment  In  which 
the  teuiks  are  located.  We  measure  the  temperature  of  the  coolant  at  the 
outlet  from  the  cooling  Jacket  of  the  chamber  by  means  of  thermocouples. 

The  measurement  of  the  gas  temperature  at  the  outlet  from  the 
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engine -chamber  nozzle  Is  a  complex  problem.  The  high  temperature  and 
the  great  velocity  of  the  gas  In  this  section  of  the  nozzle  make  these 
measurements  Inaccurate  and  difficult  to  obtain.  We  use  optical  pyro¬ 
meters  for  this  purpose.  We  can  use  the  spectroscopic  method,  based  on 
the  Doppler  effect,  to  determine  the  temperatures  and  exhaust  velocities 
of  the  gases. 

The  velocity  of  the  gas  stream  In  the  outlet  section  of  the  engine - 
chjunber  nozzle  Is  a  variable  across  a  cross  section  of  the  nozzle. 
Therefore,  It  Is  easy  to  determine  the  mean  effective  velocity  for  the 
exhaust  gases  of  a  given  ZMD  nozzle  In  accordance  with  the  measured 
thrust  and  the  per-second  fuel-flow  rate  to  the  combustion  chamber. 

All  measuring  Instruments  are  usually  calibrated  Just  before  and 
Immediately  after  the  engine  Is  started  In  order  to  eliminate  any  de¬ 
viation  from  the  readings  of  the  control  Instrument. 

At  the  station,  we  customarily  use  highly  sensitive  electronic 
equipment  with  automatic  registration  of  Instrument  readings  (by  photo¬ 
graphy,  recording,  etc.)  with  a  simultaneous  notation  of  time  for  the 
purpose  of  studying  the  nature  of  the  rapid  cycles  occurring  In  an 
engine  during  starting,  operation,  and  stopping. 

The  Instruments  are  usually  grouped  on  one  panel  and  the  readings 
are  photographed  at  fixed  Intervals  of  time.  With  such  a  method  of  re¬ 
cording  the  readings,  we  can  use  Instruments  of  the  ordinary  type  and 
read  directly  from  a  photographic  film  without  deciphering.  Some  time  Is 
required  to  develop  the  film,  to  plot  the  results  of  the  experiment  on 
a  diagram  and  to  analyze  the  results;  this  Is  a  real  shortcoming  when 
the  results  of  the  analysis  are  urgently  needed  to  correct  the  con¬ 
ditions  for  the  next  experiment. 

For  the  most  Important  measurements,  we  often  use  devices  operating 
In  parallel  with  direct  recording  of  the  readings  that  can  be  processed 
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and  studied  after  the  engine  test.  At  the  present  time  Industry  Is 
producing  electronic  recording  devices  that  permit  us  to  record  the 
readings  of  as  many  as  50  Information  channels  s Imu 1 1 erne ou sly. 

For  some  time  past  we  have  been  working  towards  the  Introduction 
of  computers  Into  test -stand  measurement  systems  that  would  permit  us 
to  obtain  processed  data  Immediately  during  engine  tests. 

Finally,  we  should  mention  that  an  experienced  test  engineer  can 
Judge  engine  operation,  fuel-mixture  ratio,  fuel-flow  rate.  Injector- 
head  operation,  stability  or  Instability  of  engine  operation  In  this 
or  that  regime,  etc.,  by  the  nature  of  the  flame  and  the  noise  of  the 
engine  as  It  operates. 

If  the  head  operates  well  and  the  chamber  volume  Is  appropriate, 
fuel  combustion  Is  almost  entirely  completed  In  the  chamber  and  the 
flames  at  the  outlet  from  the  nozzle  are  short.  Otherwise,  fuel  com¬ 
bustion  can  continue  even  behind  the  chamber  nozzle.  Different  mal¬ 
adjustments  In  head  operation  can  be  detected  from  the  nature  of  the 
flame  behind  the  nozzle.  For  example,  light  or  dark  streaks  appear  In 
the  flame,  depending  on  the  regime  and  the  operating  conditions  of  the 
engine,  when  the  chamber-head  Injectors  are  partially  clogged. 

Photographs  of  the  flame  behind  the  engine -chamber  nozzle  permit 
us  to  control  the  Instrument  readings  during  the  engine  test.  There¬ 
fore,  we  usually  photograph  the  flames  behind  the  chamber  nozzle  during 
a  test  and  subsequently  we  use  these  photographs  as  auxiliary  material 
to  evaluate  the  quality  of  engine  operation. 

We  sometimes  analyze  gases  taken  from  the  rear  of  a  chamber  nozzle 
for  a  detailed  study  of  the  operating  characteristics  of  an  engine - 
chamber  head.  However,  It  Is  very  difficult  to  take  samples  of  gases 
because  of  their  high  temperatures  and  velocities.  In  order  to  obtain 
a  complete  picture  of  the  composition  of  products  of  fuel  combustion  In 
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an  engine -chamber  nozzle,  we  must  take  a  number  of  samples  at  different 
places  across  and  along  the  nozzle.  Probes  cooled  with  water  can  be 
used  to  take  samples. 

SECTION  3*  PROCESSING  DATA  PROM  HOT -FIRING  STATIC  TESTS  OF  AN  ENGINE 


We  process  and  analyze  the  data  from  static  test  firings  of  a 
and  measure  the  basic  dimensions  of  the  chamber  after  tests  In 
the  appropriate  manner. 

We  construct  the  throttle  characteristics  of  the  engine  In  accord¬ 
ance  with  the  values  of  P,  G^,  and  Pj^  that  were  measured  In  the  ex¬ 
periments.  We  usually  draw  a  curve  showing  P,  G^,  and  P^^  as  functions 
of  Pj^j  since  the  basic  parameter  characterizing  the  engine  operating 
regime  Is  the  gas  pressure  In  the  combustion  chamber.  It  Is  convenient 
both  for  computing  the  characteristics  and  for  controlling  engine 
operation  during  tests  on  the  stand  and  In  flight.  These  curves  permit 
us  to  compare  the  results  of  the  separate  startings  of  the  engine;  If 
we  obtain  noncorresponding  data,  these  curves  make  It  possible  for  us 
to  ascertain  which  of  the  parameters  was  Improperly  measured  during  the 
experiments. 

We  usually  test  one-regime  engines  at  constant  values  of  Pj^  smd  x* 
To  avoid  accidental  errors  at  multlreglme  static  test -firings  of 
an  engine,  which  are  possible  when  the  engine  Is  stopped  and  again 
started.  It  Is  feasible  to  take  the  characteristics  of  the  engine  during 
continuous  operation.  In  this  case,  the  value  of  Pj^  can  be  varied  In 
accordance  with  a  fixed  program,  such  as,  for  example,  at  first  It  Is 
Increased  by  stages  and  then  decreased  In  the  same  sequence;  a  co¬ 
incidence  of  measurement  results  from  the  appropriate  Instrument  read¬ 
ings  at  a  uniform  value  of  Pj^  permits  us  to  Judge  the  quality  of  engine 
operation. 

As  we  plot  the  experimental  points  of  ^ud  on  a  curve,  we  must  not 
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forget  the  possibility  of  considerable  deviation  In  specific  thrust  at 
starting  In  cases  of  variable  values  of  a,  since  as  a  function  of 

a,  is  a  niaxlmviin  curve.  To  avoid  additional  scattering  of  the  points 
because  of  the  affect  of  a  on  the  magnitude  of  we  must  limit  the 

magnitudes  of  P^^  to  fixed  limits  of  o;  for  example,  at  a  given 
a  =  0.75  we  must  limit  the  values  of  a  =  0. 70-0.80. 

We  usually  analyze  the  degree  of  perfection  of  engine  combustion- 
chamber  and  nozzle  operation  by  a  comparison  of  the  actual  values  of 
Pud#  3#  Kp,  etc. ,  with  the  theoretical  values  of  P^^  etc. 

The  theoretical  characteristics  of  the  fuel  used  In  the  engine 
and  of  the  combustion  process  under  appropriate  conditions  can  be  taken 
from  the  tables  or  the  curves  or  computed  In  accordance  with  the 
thermodynamic  computations  for  the  engine  chamber,  assiomlng  that  there 
are  no  additional  losses  of  energy  In  the  burning  fuel,  except  those 
due  to  gas  dissociation. 

To  evaluate  the  completeness  of  fuel  combustion  In  the  combustion 


chamber  of  the  engine  being  tested,  we  can  use  the  parameter 


(13.1) 


which  consists  of  the  quantities  measured  during  the  engine  tests. 

If  the  measured  value  of  Is  equal  to  the  theoretical  per-second 
fuel-flow  rate  to  the  combustion  chamber,  we  can  express  the  phy¬ 
sical  completeness  of  fuel  combustion  In  the  engine  In  the  form  of  the 
ratio  of  actual  P  and  theoretical  p^  Impulses  of  the  gas  pressure  In 
the  combustion  chamber,  l.e. , 


f—a— , 

^  Pm 


(13.2) 


where  p^^  and  p^^  ^  are  the  measured  and  theoretical  values  of  the  gas 
pressure  In  the  combustion  chamber;  and  p  is  the  pressure  coefficient 
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for  the  gases  In  this  combustion  chamber. 

Since,  from  the  expression  of  the  gas-pressure  Impulse  S  =  Pj^ 

in  the  combustion  chamber  we  have  and  from  the  equation 

for  the  thrust  coefficient  Kp  =  ^/Pjc^lcr  find  P  =  KpPj^Pj^,#  we  can 
express  the  actual  specific  thrust  of  the  engine  undergoing  test  by  the 
formula 


p_ 

Q» 


KfPtiFgp 


pAf.. 


(13.3) 


On  this  basis,  we  can  compare  the  quality  of  operation  for 
different  injector  heads  in  the  same  chamber  at  the  same  pressure  by 
means  of 


PjM»  h  ’ 


(13.4) 


where  subscripts  1  and  2  refer  to  the  first  and  the  second  engine- 
chamber  heads  tested. 

This  equation  also  permits  us  to  control  the  accuracy  of  the  meas¬ 
urement  of  thrust  or  gas  pressure  in  the  combustion  cheunber  during  an 
experiment  by  a  comparison  of  the  measured  magnitudes  with  the  data  from 
other  engine  starts. 

Energy  losses  In  the  gases  in  the  engine -chamber  nozzle  as  a  con¬ 
sequence  of  an  Imperfect  exhaust  cycle  (some  nonuniformity  In  the  cycle 
In  the  subcrltlcal  part  of  the  nozzle,  friction,  noncoaxlal  velocities 
In  the  outlet  section  and  compression  waves)  can  be  determined  by  a 
comparison  of  K-  and  K  l.e.. 


(13.5) 


here 


.  /f.- 


Pu^Kf  Pk^«P 


where  9_  is  the  nozzle -efficiency  coefficient;  and  P  Is  the  measured 

B 

thrust  of  the  engine. 

The  value  of  Kp  Is  a  function  of  the  geometric  dimensions  of  the 

chamber  and  of  the  polytropic  exponent  n  for  the  expansion  of  the 

gases  In  the  nozzle;  the  value  of  Kp  Is  computed  In  accordance  with 

the  test  data  for  the  engine.  The  averaged  value  of  n  can  be  determined 

from  the  curve  In  Fig.  3*9  as  a  function  of  the  relative  area  f„  =  F„/F.  ^ 

"  V  V  xr 


of  the  outlet  section  of  the  chamber  nozzle  and  the  values  of  Pj^  and  p^ 
that  were  measured  during  the  test  (Fig.  13*7) •  At  the  present  time 
this  Is  the  only  method  for  the  determination  of  n  and  Is  entirely 
reliable. 

We  can  determine  the  losses  In  specific  thrust  relative  to  the 
theoretical  value  of  ^  on  the  basis  of  processed  data  from  static 
hot-flrlng  tests  of  an  Isobarlc  engine  cheunber  by  the  use  of  the 
formula 


(13.6) 


This  loss  In  specific  engine  thrust  at  optlmvun  chamber-nozzle 
operation  (at  P„  =  P_)  [sic]  depends  on  the  energy  losses  In  the 

V  cl 

burning  fuel  as  a  consequence  of: 

l)  physical  Incompleteness  of  combustion 


2)  Imperfect  chamber-nozzle  operation 


-919- 


mmmmfirssai 


Pig.  13.7.  Kp  as  a  function 
of  f^  at  k  =  1.2.  1)  Kp  at 
k  »  1.2. 


3)  transfer  of  heat  from  the 
chamber  flame  tube  to  the  cooling 


water 


A?*  —  ^f,M  “(Af/,  +  Af 


In  some  cases  losses  Aqp_  and 


Aq>  are  so  small  that  It  Is  dlffl- 
^s 

cult  to  determine  them  at  the  accur¬ 
acy  of  the  experiments. 


If  Py  ^  p^,  a  loss  of  energy  In  the  burning  fuel  occurs  as  a  con¬ 
sequence  of  the  nonoptlmvim  conditions  of  gas  expansion  In  the  chamber 
nozzle : 


where  ^P^  Is  the  specific  thrust  of  the  engine  chamber  at  optimum 
conditions  of  nozzle  operation  (at  p^  =  p^),  computed  In  accordance 
with  the  formula 

“  PTc^b.t.obt ~S I.OaT  “  P  * 

here  Kp  ^  ^p^.  and  f^  are  the  theoretical  coefficient  of  th3?ust  and  the 
relative  area  of  the  nozzle  outlet  section,  respectively  (at  p^  =  p^ 
the  value  of  this  quantity  Is  taken  from  the  curves  In  Pigs.  3.9, 

4.10,  and  4.11  ). 

We  can  also  determine  the  value  of  p  at  known  values  of  p.  ,  f  , 
and  k  or  n  from  the  curve  In  Pig.  4.10. 

A  number  of  examples  showing  the  processing  of  results  from  hot- 


flrlng  tests  of  ZhRD  are  shown  below. 
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Example  1.  Determine  the  losses  in  specific  thrust  relative  to 
Kp  ^  for  an  engine  ch' Tiber  having  a  =  222.7  nim  and  a  d^  =  559  nrni, 
if  the  measured  values  of  P  =  10,850  kg,  =  44.6  kg/sec,  Pj^  =  20.5 
atm  abs  and  p_  =  1  atm  abs  were  obtained  during  static  test-firings 

cl 

on  a  propellant  of  kerosene  and  liquid  oxygen  at  a  =  0.7* 

Solution. 

1.  In  accordance  with  the  data  obtained  during  the  chamber  tests, 
we  obtain; 

a)  specific  chamber  thrust; 

^--^-843  kg  seq/kg; 

b)  specific  pressure  Impulse 


20.6.3W.2I  ...  . 

— ii;# — -180,6  kg  secA«{ 

c)  thrust  in  space 


+  — 10850  +  3MQ.1»I32»  kg; 


d)  thrust  coefficient  In  space 


P* 


18998 


pj'^  20.0-389.21 

e)  specific  thrust  in  space 


1.85; 


^rM-^-7^-296'kg  sec/kg. 


2.  Prom  the  curve 


we  find  that  pk/pv  -  4l,  and  then  p^  »  ^Pk/4l^  “  (20.5/41)  -  0.5  atm 
abs  (the  value  of  k  -  I.l8  is  taken  from  the  table  of  data  for  the 
thermodynamic  computation  for  the  chamber  at  p^  1  atm  abs). 

3.  In  accordance  with  the  table  or  the  thermodynamic  conputatlon 
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for  the  chamber  at  the  measured  operating  parameters  (pj^  and  G^)  and 
P^  =  0.5  atm  abs  as  computed  earlier,  we  find  that  =  257  kg  secAg# 
=  181  kg  sec/kg,  and  Kp  ^  =  I.685. 

4.  Prom  the  curve  mentioned  earlier,  optimum 

chamber~nozzle  operation  =  20.5  and  k  =  I.I8,  we  find  that 

^v.opt  =  3-8  and  =  1-60. 

5>  The  specific  thrust  at  an  optimum  chamber-nozzle  operating 


regime  (at  p^  p^) 


P  M  Aa  f  P  *M  ^ap  pa  ^ 

OaxBT  ■■  PPc*a.TX8T  "  ^  /a.onr  —  P  ^  ^8.T.oat“*  " 

_  «#  An.t  O9 

kg.seo/kg.  _  , 

6.  The  lose  In  specific  engine -chamber  thrust  relative  to  the 

.  -  -  i  ^  i  ^  '  i  '  '  '  ■  .  . .  -  ' ;  ' 

theoretical  value  of  specific  engine -chamber  thrust 

^ya  243 

f,,  « 1  —  -  1 1  —  —  =  1  —0,945  =  0,0545  «  5,45W. 

o«.T  oa 

This  loss  In  specific  chamber  thrust  depends  on: 

a)  physical  incompleteness  of  fuel  combustion 

A?,,  -  1  -  ^  - 1  - -  1  -  0,997  -  0,003  -  0,SH; 


b)  Imperfect  nozzle  operation 


A^-l-„-l-^-l-:j^-l-0,979-0,02-2H; 


c)  nonoptimum  nozzle  operation 


"ya  243 

i - 1 1-0,936 -0,033 -3,3h, 


which.  In  totality,  comprises 


Afy«  —  +  3f*  +  —  0,3  +  2  +  3,3  —  5,3m 


(earlier  -  5*4^). 

If  part  of  the  heat  of  the  gases  Is  trsmsferred  through  the  liner 
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to  the  flowing  water  used  as  a  coolant  during  the  chamber  tests.  In 
this  case  there  Is  an  additional  loss  In  specific  thrust  that  can  be 
approximately  detennlned  In  accordance  with  the  fonnula 

We  can  compute  -^^Qj^hl  accurately  with  respect  to  the  quantity 

of  heat  carried  off  by  the  flowing  water  used  as  a  coolant  during  a 
fixed  period  of  time  as  the  engine  Is  being  tested  In  a  given  operating 
regime.  For  this  purpose.  It  Is  necessary  to  measure  the  flow  rate  of 
the  cooling  water  during  the  test  and  the  water  temperature  at  the 
Inlet  to  and  the  outlet  from  the  chamber  coolant  passage. 

Example  2.  Determine  the  polytropic  exponent  n  for  the  gas  ex¬ 
pansion  In  an  engine  chamber  nozzle  If  the  measured  values  of  p^  a  22 
atm  abs  and  p^  l  atm  abs  were  obtained  during  static  hot -firing 
tests;  the  relative  outlet  area  of  the  nozzle  f^  =*  3*88. 

Solution. 

1.  We  assume  values  of  n  »  1.1,  1.2,  and  1.3  and  compute  the 
corresponding  values  of  f^  In  accordance  with  the  formula 


I 


2.  We  construct  a  curve  f^  f (n)  In  accordance  with  the  result  of 
the  computations  and  In  accordance  with  this  curve,  at  f^  »  3*88,  we 
find  the  sought  value  of  n  «  1.21. 

Example  3*  Determine  the  loss  In  engine -chamber  thrust  relative 
to  the  3?ated  value  as  well  as  the  loss  In  rated  theoretical  thrust  as 
a  consequence  of  an  angle  16^  for  nozzle  taper  at  the  outlet 

section  If  the  measured  chamber  thrust  Is  (P  -i  10  tens)  and  the  rated 
theoretical  thrust  Is  —  10.8  tons  at  the  corresponding  measured 
operating  parameters  (Pjj,Py,«»,0jj). 
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m  4fr  fMmi"  1 


» 


c 


Solution. 

1.  Thrust  loss  In  the  experimental  chamber  relative  to  the  rated 
theoretical  value 


‘  1 - 1  -  ~i  - 1 -0.M6  -  0.074  -  7.4H. 


2.  Rated  theoretical  chamber  thrust  with  allowance  for  loss  In 
energy  of  gases  as  a  consequence  of  auigle  of  nozzle  taper. 

Pr.mm  ^  Pjfpn  "  —  COi  at  10,8  -~^1  —  cot  « 

«=  10.80,995- 10.748. 

3*  Loss  In  rated  theoretical  chamber  thrust  as  a  consequence  of 
angle  of  nozzle  taper  at  outlet  section. 


^i.—  .  10,747 


”  *  lO.t 


•1-0.996-0.006- 


-0.5^, l.e.,  0.054  tons. 

Example  4.  Determine  the  velocity  of  gases  flowing  out  of  an 
engine -chamber  nozzle  If  measured  values  of  P  -  50  tons«  atm 

abs,  p.  •  1  atm  abs,  and  G.  -  218  kg  seoAg  were  obtained  during  static 

O  D 

P 

test-firings j  =  3200  cm  . 

Solution. 

1.  Effective  exhaust  velocity 


80000 

218 


9,81-2250  m/sec. 


2.  Increase  In  velocity  of  gases  flowing  out  of  the  chamber  nozzle 
because  of  the  static  thrust  number 

3.  Exhaust  velocity  of  the  gases  In  the  outlet  section  of  the 
chamber  nozzle. 

2250 -28,8 -2221 .2  m/«»C. 
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We  can  also  determine  this  velocity  In  accordance  with  the  thrust 
formula  In  Its  general  form,  i.e., 

g.cpo-^C.»-> 

Example  3.  In  approximation,  determine  the  actual  combustion 
temperature  Tj^  of  liquid  ammonia  and  liquid  fluorine  at  100  atm 

abs  and  a  =  1  If  Tj^  ^  =  4600®  K. 

Solution. 

1.  We  assume  that  =  0. 98. 

2.  We  determine  the  gas -temperature  coefficient  In  the  engine 
combustion  chamber  In  accordance  with  the  expression 


h' 


where 


and  I 

A«  At, 

Assuming  (with  a  small  error)  that  \  \  \  t 


tain 


T..r 


whence  the  gas -temperature  coefficient  will  be 


-tL  -0.98»-0,«(M. 

3.  The  actual  tempera tui^e  of  the  products  of  combustion  for  the 
given  fuel  Is  equal  to 

r,  fj.  Tm  «  0,9004-4600  cs  4418*  K. 
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APPENDIX  I 

ENERGY  CONTENT  OP  PRODUCTS  OP  FUEL  COMBUSTION  I'  kcal/kmole* 


r*K 

COj 

H|0 

CO 

OH 

NO 

H, 

-93990,0 

-57731,4 

—26375,1 

10107,9 

21645,2 

46,9 

400 

-93049.8 

-56919,4 

-25676,8 

10815.0 

22359,2 

741,4 

soo 

-02021.8 

-56087,9 

-24970,6 

11^.4 

23082,3 

1439,9 

000 

-90922,2 

-55231.2 

-34251,1 

12226,2 

23819,6 

2139,0 

700 

-89703,3 

-54341,9 

-23514.8 

12932,8 

24575,0 

2841,9 

000 

-38556.2 

-53423.8 

—22760,8 

13643,8 

25348,0 

3547.8 

900 

-87304.7 

-52478,7 

-21990,0 

14302,8 

26138,9 

4258,4 

1000 

-80022.0 

-51506.4 

-21204,1 

15091,4 

26044,4 

4976,2 

1100 

—84709,0 

-50506.1 

-20404,6 

15830.0 

27762,9 

5702,7 

1200 

-83371,8 

-49477,2 

—19593,3 

16579,6 

28592.1 

6438.5 

laoo 

-82013.4 

—48423.2 

-18771,7 

17340,3 

29430.5 

7184,3 

1400 

-80037.2 

—47344,3 

—17941,0 

18112,0 

30276.7 

7940,5 

1800 

-79245.0 

-46242,2 

—17102,6 

18894,4 

31120,6 

8707,8 

1000 

-77840.4 

-45118,3 

—16257,6 

19686,8 

81988.3 

9484.4 

1700' 

-76428.0 

-43974,5 

-16406.8 

20488,7 

32852,0 

10271,7 

1000 

-74995.0 

—42812,4 

-14550,7 

21209,6 

33720,1 

11066,0 

1900 

-73557.4 

-41633,7 

-13090,1 

22118,9 

34502.1 

11875,2 

2000 

-72111.2 

-40440,1 

-12125,5 

22945.9 

35467,6 

12000,4 

2100 

-70657,4 

-30232,8 

—11957,3 

23780,2 

36346,2 

13514,0 

2200 

-69196.4 

-38013,1 

—11085,9 

24621,3 

37227,0 

14345,5 

'2300 

-67729,0 

-38782,1 

-10211,5 

25468,6 

38111,0 

15184,5 

^2400 

-66255,6 

-35540,7 

-9334,4 

26321,9 

30997,9 

10030,8 

'2500 

-64776,6 

-34289,9 

-8454,9 

27180.6 

39886,4 

16008,9 

2000 

-63292,4 

-33030,3 

-7573,2 

28044,5 

40770,8 

17748,5 

2700 

-61808.2 

-31782,6 

-0800,5 

20913,1 

41009,1 

10000.5 

2800 

-00309,3 

-30487,6 

-5008,9 

29786,4 

42563,2 

19401,8 

2900 

-58811,1 

-29306,7 

-4916,6 

30064,0 

43456,0 

20350,9 

3000 

-57308,8 

—27917,4 

-4037,0 

31545,8 

44356,3 

21242.1 

*  a.  B.  Slnyarev  and  M.  V.  Dobrovol ' skly .  Zhldkostnyye  raketnyye 
dvlgatell  [Idquld-propellant  Rocket  Engines],  Oboronglz  [State 
Publishing  House  of  the  Defense  Industry],  1957. 
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APPENDIX  I  (CONTINUED) 


r  K 

CO, 

HjO 

CO 

OH 

NO 

H, 

3100 

-55802,6 

-26623,4 

-3136,0 

32431,6 

45255,1 

22130,6 

3200 

-54292,7 

-25324,1 

-2244,0 

33321,1 

46155,4 

23024,4 

3300 

-52779,2 

-24020.0 

-1350,7 

34214,2 

47067,1 

23923,3 

3400 

-51262,4 

-22711,4 

-456,2 

35110,7 

47960,2 

24827,2 

3500 

-49742,4 

-21398,7 

+439,6 

36010,6 

48864,5 

25736,0 

3600 

-48219,2 

-20082,2. 

1336,4 

36913,7 

49770.0 

26649,6 

3700 

-46693,2 

-18762,1 

2234,4 

37819,9 

50676,7 

27568,0 

3800 

-45164,4 

-17438,7 

3133,4 

38729,1 

51584.6 

28491,0 

3900 

-43632,8 

-16112,2 

4033.4 

39641,2 

52493.6 

29418,5 

4000 

-42098,6 

—14782,8 

4934,4 

40556,0 

53403,8 

30350,5 

4100 

-40561.8 

-13450,7 

5836,3 

41473.6 

54316,0 

31286,9 

4200 

-39022,6 

—12116,1 

6739,2 

42393,8 

55227,3 

32227,6 

4300 

-37480,9 

-10779,1 

7643,0 

43316,6 

56140,6 

33172,5 

4400 

—35936,8 

-0439,9 

8547,7 

44241,9 

57054,9 

34121,7 

4500 

-34390,5 

-8098,6 

9453,2 

45169,7 

57970,2 

35074,0 

4600 

-32841,8 

-6755,2 

10359,5 

46099,9 

58886,5 

36082,1 

4700 

-31291 ,0 

-5409,8 

11206,5 

47032,5 

59603,8 

80998,4 

4800 

-29737,8 

-4062.4 

12174,3 

47967,5 

60722,1 

37958,6 

4900 

-28182,6 

-2713,2 

13082,9 

48004,8 

61641,4 

38927,7 

5000 

-26625,0 

-1362,0 

13992,1 

49644,3 

62561,7 

89900,5 

5100 

-25065,4 

-9.0 

14900.1 

50786,0 

63483,0 

40677,2 

5300 

-23503,4 

+1346.0 

15812,7 

51729,7 

64405,3 

41887,6 

5300 

-21939,4 

2702,8 

16724,1 

52675.6 

65328,5 

42841,6 

5400 

-20373,0 

4061,4 

17686,1 

58^,5 

66252,6 

43829,3 

5503 

-18804,6 

5422,0 

18548,7 

54573.4 

67177,7 

44820,5 

5000 

-17233,8 

6784.3 

19462,1 

55585,3 

68103,8 

45815,1 

5700 

-15661,0 

8148,5 

20376,1 

56479,1 

69080,9 

40818.5 

5800 

-14065,8 

9514.5 

21200.7 

57434.0 

08968,9  ' 

47818,1 

5900 

-12508,6 

10888,1 

22200,0 

58302.5 

70097,8 

48820,1 

6000 

-10929,0 

12251,9 

23181,9 

50361,0 

71817,7 

49898.5 

APPENDIX  I  (CONTINUED) 


' 

03 

Nj 

H 

0 

N 

7*  K 

24437,3 

23091,6 

66026,0 

73195,5 

99520,9 

3100 

25399,1 

23980,2 

66522,8 

73696,8 

100023,3 

3200 

26365,2 

24870,2 

67019,6 

74198,9 

100528,0 

3300 

27335,5 

25761,6 

67516,4 

74701,8 

101033,9 

3400 

28309,7 

26654,3 

68013,2 

75205,4 

101541,6 

3500 

29287,8 

27548.3 

68510,0 

75710,0 

102051,4 

3600 

30269,5 

28443,5 

60006,8 

76215,5 

102563.3 

3700 

31254,7 

29339,3 

69503,6 

76722,0 

108077,7 

3800 

32243,2 

30237,2 

70000,4 

77229,5 

103504,8 

3900 

33234,8 

31135,6 

70497,2 

77738,1 

104114,7 

4000 

34229,4 

32035,0 

70994,0 

78247,8 

104637,7 

4100 

35226,8 

32935,4 

71490,8 

78758,6 

105164,0 

4200 

36236,8 

33836.6 

71987,6 

70270,6 

106603,8 

4300 

'  37239,3 

34738.6 

72484,4 

79783,8 

106227.3 

4400 

38234,1 

35641.0 

72981,2 

80298,1 

106764.6 

4500 

39241,2 

36645.6 

734n.O 

80813.7 

107305,9 

4600 

40350,4 

37450,6 

73974,8 

81330,5 

107851,4 

4700 

41361,6 

38356,2 

74471,6 

81848,5 

108401,1 

4890 

42374,6 

30363,6 

74068,4 

82307.7 

106055,4 

4900 

43360,8 

40160,8 

76465,2 

82888.1 

109614,1 

5000 

44306,7 

41077.8 

75062,0 

83409,7 

110077,6 

5190 

45333,7 

41986,6 

76456,6 

83932,5 

110045,8 

5090 

46343,1 

43806,1 

76055,6 

84456,6 

111218,9 

5300 

47363,9 

43806,3 

77452,4 

84981,8 

111796,9 

5400 

48386,0 

44717,4 

77949,2 

85508,2 

112380,0 

5500 

40409,0 

45629,1 

78446.0 

80035,8 

112968,1 

5600 

50433,8 

46641,6 

78942,8 

86564,6 

113561,4 

5700 

51480,4 

47454.9 

79439.6 

87004,5 

114150,9 

5800 

88488,9 

48366.8 

79936,4 

87625,5 

114763,7 

5000 

53613,4 

49386.5 

80433.2 

88157,7 

115372,8 

0000 

930. 


APPENDIX  II 


CONSTANTS  OP  CHEMICAL  EQUILIBRIUM  FOR  PRODUCTS  OP  FUEL  COMBUSTION* 


f'K 

Pii/d" 

PcoPh,o 

Ah.o 

300 

0.1825  10-<« 

0,1637- 10-»9 

0,1115-10-4 

0,5140-10-4* 

400 

0,3895- 10-« 

0,5759- 10-*» 

0,6764-10-* 

0,1237-10-** 

soo 

0,9886- 10-M 

0,1302-10-** 

0,7593-10-* 

0,3518-10-** 

000 

0,8624- 10-*> 

0,2333-10-** 

0,3696-10-1 

0,3400-10-*! 

700 

0,2900- 10-« 

0,2614-10-1* 

0,1109 

0,1265-10-1* 

800 

0,1277  10-«» 

0,5156-10-1* 

0,2475 

0,6119-10-1* 

900 

0,1445- 10-H 

0,3185-10-1* 

0,4537 

0,7568-10-1* 

1000 

0,6331 -lO-'O 

0,8728-10-10 

0,7254 

0,3604-10-11 

1100 

0.1389-10-* 

0,1314-10-* 

1,0560 

0,8519-10-10 

1200 

0,1814-10-» 

0,1267- 10-J 

1,4320 

0,1193-10-* 

1300 

0,1591- 10-4 

0,8648-10-* 

1,8400 

0,1116-10-7 

1400 

0.1000-10-* 

0,4501-10-* 

2,2660 

0,7603-10-7 

1500 

0,5087-10-* 

0,1885-10-* 

2,6990 

0,4016-10-* 

1600 

0,2074- 10-« 

0,6615-10-* 

3,1350 

0,1726-10-* 

1700 

0,7131-10-* 

0,2005-10-4 

3,5550 

0,6250-10-* 

1800 

0,2138- 10-* 

0,5383-10-4 

3,9670 

0,1964-10-4 

1900 

0,8687-10-* 

0,1303.10-* 

4,3630 

0,5475-10-4 

2000 

0,1371-10-* 

0,2892-10-* 

4,7410 

0,1878-10-* 

2100 

0,3035-10-* 

0,5954-10-* 

5,0970 

0,3178-10-* 

2300 

0,6240-10-* 

0,1149-10-* 

5,4300 

0.6797- 10-* 

2300 

0,1203-10-> 

0,2094-10-* 

5,7460 

0,1361-10-* 

3400 

0,2195- 10-> 

0,3634-10-* 

6,0390 

0,2573-10-* 

2800 

0,3810- 10-« 

0,6037-10-* 

6,3110 

0,4625-10-* 

36Q0 

0,6333-10-* 

0,9649-10-* 

6,5630 

0,7947-10-* 

3700 

0,1013 

0,1490-10-* 

6,7940 

0,1312-10-1 

3800 

0,1565 

0,2233-10-1 

7,0060 

0,2091-10-1 

3900 

0,2345 

0,3256  10-1 

7,2020 

0,8228-10-1 

3000 

0,3417 

0,4628-10-1 

7,3820 

0.4841-10-1 

*  0.  B.  Slnyarev  and  M.  V.  Dobrovol ' skly.  Zhldkostnyye  raketnyye 
dvlgatell  [Liquid-propellant  Rocket  Engines],  Oboronglz  [State 
Publishing  House  of  the  Defense  Industry],  1957. 
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APPENDIX  III 


COMMON  LOGARITHMS  FOR  CONSTANTS  OP  CHEMICAL  EQUILIBRIUM  FOR  PROD¬ 
UCTS  OP  FUEL  COMBUSTION* 


APPENDIX  III  (CONTINUED) 


937' 


librium  constants  for  the  subsequent  and  current  temperatures.  For 
example,  in  the  line  T  =  3^00°K  we  are  given  the  difference  in  the 
value  of  log  at  3500  and  3^00°K. 

Using  the  difference  tables,  we  can  determine  the  values  of 
the  equlllbrl\mi  constants  (by  linear  interpolation  of  the  logarithms 
of  the  equilibrium  constants)  regardless  of  the  intermediate  teii5)era- 
ture. 
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APPENDIX  IV 


ENTROPY  OP  PRODUCTS  OP  FUEL  COMBUSTION  IN  kcal/lanole°C* 


r»  K  COj  HjO 


£8,109  50,903 
59,895  52,269 
61,507  53,490 


64,3310  55,6 


1100  65,5822 
1200  66,7461 
1300  67,8334 
1400  68,8532 
1500  69,8132 


70,7200 


52,238 

53,373 

54,379 

55,287 

56.1160 


56,8779 

57,5837 

58,2413 

£8,8569 

59,4353 


63,1121 

63.4854 

63,8444 


77,7687  66,4374  64 

78,3307  66,9159  ^4 

78,8740  67,3796  6t 

2900  I  79,3997  67,8294  65 

3000  1  79,9090  68,2661  65 


53,1949 

53,8470 

54,4559 

55,0278 

55,5675 


56,0788 

56,5650 

57.0285 

57,4714 

57,8956 


58,3027 
58,6939 
59,0705 
7 
2 


55,392 

56,556 

57,589 

58,520 

£9,3700 


63,3122 

63,8358 

64,3319 

64,8034 

65,2524 


65,6811 

66,0912 

66,4841 

66,8613 

67,2240 


36,084 

37,167 

38,106 

38.946 

39.7040 


40,3963 

41,0365 

41.6334 


43.2248 

43,7016 

44.1571 

44,5931 

45,0112 


45,4130 

45,7998 

46,1728 

46,5329 

46,8812 


*  Q.  B 
dvlgat 
Publls: 


na  N 
prop 
f  th 


APPENDIX  IV  (CONTINUED) 


O, 

N, 

H 

O 

N 

r*K 

49,011 

45,767 

27,3927 

38,4689 

36,6145 

298,16 

49,056 

45,809 

27,4232 

38,5010 

36,6450 

300 

51,098 

47,818 

28,8524 

39,9915 

38,0742 

400 

52,728 

49,385 

29,9610 

41,1308 

39,1828 

500 

54,105 

50,685 

30,8667 

42,0540 

40,0885 

600 

55,303 

51,805 

31,6326 

42,8307 

40,8544 

700 

56,368 

52,797 

32,2959 

43,5011 

41,5177 

800 

57.327 

53,692 

32,8811 

44,0914 

42,1029 

900 

56,1990 

54,5090 

33.4045 

44,6183 

42,^63 

1000 

58,9983 

55,2601 

.  33,8780 

45,0945 

43,0998 

1100 

59,7364 

55,9565 

34.3103 

45.5288 

43,5321 

1200 

60,4220 

56,6060 

34,7079 

45,9281 

43,9297 

1300 

61,0622 

57,2143 

35,0761 

46,2975 

44,2979 

1400 

61 ,6628 

57,7863 

35.4188 

46.6413 

44,6406 

1500 

62,2287 

58,3261 

35,7395 

46.9628 

44,9613 

1600 

62,7640 

58,8371 

36,0407 

:  47,2646 

45,2625 

1700 

63,2719 

59,3221 

36,3246 

47,5492 

45,5464 

1800 

63,7555 

59,7836 

36,5932 

47,8184 

45,8151 

1900 

64,2172 

60,2237 

36,6480 

48,0737 

46,0699 

2000 

64,6590 

60,6443 

37,0904 

48,3166 

46,3124 

2100 

65,0629 

61,0471 

37,^15 

48.5481 

46,5436 

2200 

65,4904 

61,4333 

37,5424 

48,7695 

46,7646 

2300 

65,8828 

61,8044 

37,7538 

48,9814 

46,9763 

'  2400 

66,2614 

62,1614 

37,9566 

49,1848 

47,1794 

2500 

66,6272 

62,5054 

38,1515 

49,3803 

47,3747 

2600 

66.9612 

62,8373 

38,3390 

49,5686 

47,5628 

2700 

67,3241 

63,1579 

38,5196 

49,7501 

47,7443 

2800 

67,6568 

63.4679 

».6940 

49,9254 

47,9197 

2900 

67,9797 

63,7680 

38,8624 

'  50,0950 

1  48,0894 

3000 

940. 
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r®K 

COj 

HjO 

CO 

• 

OH 

NO, 

H, 

■ 

3IC0 

80,4029 

68,6904 

65,7506 

61,6658 

69,1484 

48,7609 

3200 

80,8S‘i2 

69,1029 

66,0338 

61,9482 

69,4342 

49,0447 

3300 

81,3180 

69,5042 

66,3087 

62,2230 

69,7117 

49,3213 

3400 

81,8008 

69,8949 

66,5757 

62,4906 

69,9813 

49,5911 

3500 

82,2414 

70,2754 

66,8354 

62,7515 

70.2434 

49,8545 

3600 

82,6705 

70,6463 

67,0880 

63,0059 

70,4985 

50,1119 

3700 

83,0886 

71,0080 

67,3340 

63,2542 

70,7469 

50,3635 

3800 

83,4963 

71,3609 

67.5738 

63,4966 

70,9891 

50,6097 

3900 

83,8941 

71,7064 

67,8076 

63,7336 

71,2252 

50,8506 

4000 

84,2826 

72,0420 

68.0357 

63,9652 

71,4556 

51,0866 

4100 

84,6620 

72,3710 

68,2584 

64,1917. 

71,6806 

51,3178 

42CO 

85.0329 

72,6926 

68,4760 

64,4135 

71,9005 

51,5445 

4300 

85,3957 

73,0071 

68,6887 

64.6306 

72,1154 

51.7668 

4400 

85,7507 

73,3150 

68,8966 

64,8434 

72,3256 

51,9850 

4500 

86,0C82 

73,6164 

69,1001' 

65,0518 

72,5312 

52,1992 

4600 

86,4386 

73,9117 

69,2993 

65,2563 

72,7326 

52,4096 

4700 

86,7721 

74,2011 

69.4944 

65,456^ 

72,9299 

52,6164 

4800 

87,0991 

74,4847 

69,6855 

65,6537 

73,1232 

52,8196 

4900 

87.4198 

74,7629 

69,8728 

65,8470 

73,3128 

53,0194 

5000 

87,7344 

75,0359 

70,0565 

66,0368 

73,4987 

53,2159 

5100 

88,0433 

75,3038 

70,2367 

66,2233 

73,6812 

53,4093 

5200 

88,3166 

75,5669 

70,4136 

66,4065 

73,8602. 

53,5997 

5300 

88,6415 

75,8254 

70,5872 

66,5867 

74,0361 

53,7871 

5400 

88,9373 

76,0794 

70.75» 

66,7639 

74,2088 

53,9717 

5500 

89,2251 

76,3290 

70.9251 

66,9382 

74,3786 

54,1536 

5600 

89,5081 

76,5745 

71,0897 

67,1097 

74,5454 

54,3328 

5700 

89,7865 

76,8159 

71,2514 

67,2785 

74,7095 

54,5095 

5800 

90,0C0l 

77,0535 

71,4105 

67,4447 

74,8709 

54,6837 

5900 

90,3301 

77,2873 

71,5670 

67,6084 

75.0297 

54,8555 

6000 

90,5955 

77,5175 

71,7209 

67,7697 

75,1860 

55.0250 

941 


APPENDIX  V 


COMMON  LOGARITHMS  FOR  CONSTANTS 
UCTS  OP  INCOMPLETE 


OP  CHEMICAL  EQUILIBRIUM  FOR  PROD- 
FUEL  COMBUSTION 


1  Mctih  CHi 

BAucTHjeH  CiH] 

^  Sthach  C1H4 

4  dTiH  CiHi 

S  BeH304  CcH« 

TK 

•> 

mS 

•1 

• 

«i 

«* 

K 

mE 

< 

< 

-3 

«• 

MX 

1 

• 

»L 

1 

-r 

mX 

*h'o/ooj 

9 

r«K 

bi 

M  ' 

bi 

M 

M 

M 

I 

.a 

Ti 

<b 

u 

€k 

II 

—  K?' 

1 

H 

Ob 

1 

& 

N 

1 

cw 

1 

Ob 

■  vf 

■ii: 

- 

if-- 

— 

ac 

tM  . 

«jl 

M 

M  •• 

u 

300 

-29,6859 

-5,2588 

—29,8082 

—47,3837 

mm 

—102,3830 

300 

.  400 

-8.5377 

-18,8198 

+26,5150 

-0,0589 

-^9.6074 

-16^16 

-1,9506 

-28,5194 

+19,0158 

—60,6907 

_  400 

SOO 

-3,4585 

-12,2102 

20,6101 

+3,1040 

8,3639 

-9,1422 

+0,4580 

-17,0481 

17,0437 

-35,4746 

500 

—2,0339 

-7,7620 

16,6801 

5,2221 

7,5818 

-3,8762 

2,1233 

-9,3346 

15,8154 

—18,5586 

600 

700 

-0,9808 

-4,5551 

13,8806 

6,7312 

7,0454 

-0,1040 

3,3704 

-3,7790 

14,9836 

-6,4646 

700 

800 

-0,1738 

-2,1367 

11,7856 

7,8596" 

6,6620 

+2,7369 

3.3123 

+0,3863 

•  14,3670 

+2,5891 

SOO 

900 

4-0,4671 

-0,2494 

10,1646 

8,7319 

6,3788 

4,9462 

5,0680 

3,6352 

13,9098 

■9,6117 

900 

1000 

0,9901 

+1.2705 

8,8642 

9,4218 

6,1513 

6,7089 

5,6843 

6,2418 

13.5264 

15,1984 

1000 

1100 

1,4320 

2,5176 

7,8107 

9,9833 

5,9712 

8,1438 

6,2003 

8,3729 

13,2512 

19,7688 

1100 

1200 

1,7992 

3,5546 

6,9277 

10,4402 

5,8254 

9,3378 

6,6191 

10,1316 

13.0109 

23,5483 

1200 

1300 

2,1058 

4,4248 

6,1905 

10,8333 

5,6990 

10.3388 

6,9855 

11,6253 

12,8000 

26,7191 

1300 

1400 

2,3616 

5,1602 

5,5523 

11,1515 

5,5969 

11. 

1961 

7,2862 

12,8856 

12,6334 

29,4311 

1400 

ISOO 

2,5713 

5.7828 

5,0114 

11,4364 

5,6023 

11.9274 

7,5409 

13,9659 

12,4628 

31,7379 

1500 

l)  Methane  CH^j  2)  acetylene  CgHg;  3)  ethylene  CgH^^;  4)  ethane 
CgHg;  5)  benzene  CgHg. 


APPENDIX  VI 


THERMODYNAMIC  CHARACTERISTICS  OP  CERTAIN  GASES 


CH4 

C,H, 

C2H4 

C,H« 

C.H, 

A  I.  3HeprocoxcpiKaiiH«  (aoJiNaa  tiiTajiknHa)  //  lacaAlKMOAi 


300 

—17871 

-1-84212 

-1-12519 

—20210 

-4-19870 

400 

—16945 

55346 

13690 

—18795 

22200 

800 

—18919 

56592 

15075 

-17062 

25170 

600 

—14743 

57931 

16705 

—15104 

28710 

700 

—13419 

18483 

—12816 

32710 

80) 

-11978 

63804 

20439 

—10339 

37040 

900 

-10409 

^98 

22529 

-7686 

41680 

1000 

—8709 

63886 

24729 

—4816 

46570 

1100 

-6939 

65497 

—1796 

81680  . 

-5049 

67139 

29429 

-1-1314 

56990 

1300 

-3119 

68861 

31889 

4614 

1400 

-1169 

70861 

34469 

7964 

1800 

+801 

72361 

37049 

11384 

73640 

B  dirrponm  Si  KKaA\KMOAh  *C 


300 

44.56 

48.07 

52,52 

54,94 

64.607 

400 

47,18 

51,30 

55,92 

58.99 

71,267 

800 

49,47 

54,07 

59,00 

62.83 

77,927 

51,65 

56,51 

61,95 

66.43 

84,327 

700 

53,69 

58,67 

64,70 

69,91 

90,447 

800 

55,61 

60,633 

67,29 

73,25 

96,227 

57,46 

62,402 

69,74 

76.38 

101,707 

1000 

59,22 

64,076 

72.06 

79,38 

106,927 

1100 

60,86 

65,603 

74,27 

82,22 

111,747 

1200 

62,47 

67,080 

76,34 

84,95 

116,357 

1300 

64,01 

68,404 

78,32 

87,56 

120,767 

1400 

65,49 

09.682 

80.92 

90,06 

124,847. 

1800 

65,94 

70.890 

82,02 

92,50 

m,m 

C  3.  Moaapnia 

maoaiiRocTa  i>C>;  ipuu 

l/lMf04**C  . 

300 

8,543 

10.500 

10,44 

12.66 

19,68 

400 

9,743 

11,978 

12,91 

15,69 

26,71 

800 

11,130 

12,947 

15,15 

18.66 

82,80 

600 

12,837 

13,709 

17,11 

21 .32 

87,74 

700 

13,875 

14,352 

18,74 

23,69 

41,71 

800 

15,091 

14,925 

20,185 

25,807 

45,06 

900 

16,210 

15,441 

21,454 

27,686 

47.77 

1000 

17,196 

15,909 

22,556 

29,279 

50,14 

1100 

18.063 

16,343 

23,516 

30,632 

52.11 

1200 

18,877 

16.734 

24,364 

31,840 

53,81 

1300 

19,576 

17,068 

25,123 

32,956 

55.27 

1400 

20,179 

17,405 

25,763 

33,(>68 

56.54 

1800 

20,700 

17,692 

26,338 

34,883 

57.59 

l)  Gas;  a)  1.  Energy  content  (total  enthalpy) 
kcal/kmole;B)  2.  Entropy  S^,  kcal/kmole  ®C;C) 
Molar  heat  capacities  M-Cp^,  kcal/kmole  °C. 
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AUXILIARY  THERMODYNAMIC-FUNCTION  DATA  AT  DIFFERENT  EXPONENTS  FOR 
ISENTROPY  OR  POLYTROPY  EQUATIONS 


1 

41 

1 

+ 

Cl 

Cl 

+ 

d 

1 

4e 

+ 

1 

41 

1 

4e 

1,10  10,00011,000 

1.11  9,09010,090 

1.12  8,333  9,333 

1.13  7,692  8,692 

1.14  7,143  8,143 

1.15  6,666  7,666 

1.16  6,250  7,250 


1,050  0,952 
1,055  0,948 
1,060  0,943 
1,065  0,939 
1,070  0,934 
1,075  0,930 
1,080  0,926 


20,000 

18,182 

16,666 

15,384 

14,286 

13.333 
12,500 

11,765 

11,111 

10,526 

10,000 

9,524 

9,091 

8,696 

8.333 
8,000 
7,692 
7,408 
7,143 
6,896 
6,666 
5,2% 
5,882 
5,554 
5,263 
5,000 
4.000 


21,000 

19,182 

17.666 
16,384 
15,286 

14.333 
13,500 

12,765 

12,111 

11,526 

10,000 

10,524 

10,091 

9,696 

9.333 
9,000 
7,692 
8,406 
8,143 
7,896 

7.666 
7,250 
6,882 
6,555 
6,263 
6,000 
5,000 


0,0476 

0,0526 

0,0566 

0,0611 

0,0654 

0,0697 

0,0741 

0,0778 

0,0826 

0,0867 

0,0909 

0,9500 

0,0991 

0,1031 

0,1071 

0,1111 

0,1150 

0,1193 

0,1252 

0,1266 

0,1317 

0,1379 

0,1453 

0,1525 

0,1596 

0,1666 

0,2000 


1,628 

1,626 

1,625 

1,623 

1,621 

1,615 

1,618 


'■■-iitifam9>Mt(r-x^-* 


APPENDIX  VII  (continued) 


“lu 

w  + 

•lu 
+  « 

M  + 

05 

«  7 

148  _ 

+ 
^  -tit 

«  + 
05 

mm 

1 

■« 

191 

lEI 

+17 

<tl4r  _ 

dt 

s  T 

s: 

0,6139 

0,6146 

0,6153 

0,6160 

0,6168 

0,6175 

0,6182 

1,712 

1,718 

1,724 

1,730 

1,736 

1,744 

1,749 

0,5841 

0,5821 

0,5804 

0,5784 

0,5762 

0,5744 

0,5723 

0,3767 

0,3775 

0,3784 

0,3792 

0.3800 

0,3809 

0,3818 

0,3588 

0.3579 

0,3571 

0,3562 

0,3553 

0,3545 

0,3536 

14,6801 

14,0680 

13,3381 

13,0591 

12,6125 

12.2637 

11,9261 

1,978 

1,984 

1,988 

1,993 

1,998 

2,000 

2,009 

0,6590 

0,6640 

0,6690 

0,6440 

0,6790 

0,6848 

0,6898 

0,6188 

0,6195 

0,6202 

0,6209 

0,6216 

0,6223 

0,6230 

1,754 

1,761 

1,767 

1,771 

1,779 

1,785 

1,790 

0,5705 

0,5685 

0,5665 

0,5645 

0,5621 

0,5603 

0,5588 

0,3826 

0,3835 

0,3844 

0,3852 

0,3860 

0,3869 

0.3878 

0,3527 

0,3519 

0,3510 

0,3501 

0,3493 

0,3485 

0.3477 

11,6190 

11,1175 

11,0851 

10,8570 

10,6323 

10,4302 

10.2435 

2,014 

2,018 

2,024 

2,030 

2,034 

2,040 

2,045 

0,6946 

0,6997 

0,7052 

0,7104 

0,7153 

0,7204 

0,7251 

0,6237 

0,6243 

0,6250 

0,6257 

0,626» 

0,6271 

I  0,6276 

1,796 

1,801 

1,818 

1,813 

1,820 

1,825 

1,832 

0,5569 

0,5549 

0.5532 

0,5513 

0,5494 

0.5475 

0,5457 

0,3886 

0,3894 

0,3903 

0.3911 

0.3919 

0,3927 

0.3936 

0,3469 

0,3462 

0,3154 

0,3416 

0,3137 

0,3430 

0,3123 

10,0672 

9,9044 

9,7484 

9,6067 

9,4740 

9,3418 

9,2495 

2,050 

.2,055 

2,061 

2,066 

2,072 

2,078 

2,083 

0,7302 

0,7356 

0,7404 

0,7453 

0,7500 

0.7552 

0,7598 

j  0,6289 

1  0,6302 
j  0,6314 
:  0,6327 
.  0,6339 
'  0  6401 

1,838 

1,856 

1,868 

1,880 

1,893 

1,953 

0,5421 

0,53‘!6 

0,53.'.2 

0,5317 

0,5283 

0,5120 

0,3953 

0.3963 

0,3985 

0,1001 

0,1018 

0,4096 

0,3407 

0.3392 

0.3377 

0.3362 

0,3318 

0,3277 

8,9961 

8,7931 

8,6280 

8,4403 

8,2867 

7,6720 

2,094 

2,105 

2,111 

2. .129 
2,140 
2,210 

0.7695 

0,7792 

0,7906 

0,7992 

0,8102 

0,8586 

X 


91*6 


npHJiomHHE 


o 


line:  10 )  naphthalene. 
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